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Abstract
Electrocatalytic and catalytic oxygen reduction utilising transition metal and
heteroatom doped carbon materials
by Daniel Malko
The commercialisation of polymer electrolyte fuel cells (PEFCs) is partly delayed due to
the use of expensive and scarce precious metal catalysts for the oxygen reduction reac-
tion (ORR). Transition metal and nitrogen containing carbon materials (M-N/C) could
potentially replace Pt.
However, the activity and stability is still too low. This is due to a lack in the under-
standing of the active site, a diﬃculty in determining intrinsic catalyst parameters and
the challenges posed by the higher catalyst loading in fuel cells.
A new precursor was identiﬁed. It can be doped with diﬀerent metal centres and read-
ily forms self-supporting ORR active carbon catalysts upon pyrolysis. Physicochemical
characterisations of the Fe-N/C material suggests atomic metal centres as active sites. A
proton coupled electron transfer is presumably the rate determining step.
The catalyst is exceptionally poison tolerant against a wide range of compounds that
aﬀect Pt based materials.
It was found that nitrite and nitric oxide interact with the active site(s). Fundamental
insight was gained and it seems that two diﬀerent types of metal centred active sites are
present within Fe-N/C catalysts.
A methodology was developed to electrochemically count one type of those active sites
by means of reductive nitrite stripping in a conventional rotating disk electrode (RDE)
setup. It is possible to estimate the turnover frequency and active site density.
The material also catalyses the epoxidation of alkenes at room temperature and ambient
pressure, suggesting a similar working principle as transition metal macrocycles.
A study of M-N/C catalysts in operating PEFCs has been conducted. The catalyst layer
was investigated by means of impedance spectroscopy. The peculiar 45 degree feature and
its deviation in the impedance spectrum can be used to determine the optimal ionomer
content in the catalyst layer and therefore speed up the investigation in single cells.
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Chapter 1
Introduction
Anthropogenic climate change, which is now undoubtedly happening, is one of the biggest
challenges mankind is facing at the beginning of the 21st century. [1] This makes the de-
velopment of carbon neutral technologies a pressing issue. The change from the current
fossil fuel based to a sustainable renewable energy economy requires not only green energy
generation methods, such as solar or wind energy, but also renewable energy conversion
methods. This is because the generated energy needs to be stored and distributed to its
point of use. [2]
Urban areas are facing increasing amounts of particulate matter (PM), which is largely
generated by the combustion of fossil fuels in combustion engines or power plants. [3, 4]
The health eﬀects of PM are severe, ranging from cardiovascular disease to lung cancer. [5]
The progress in developing countries comes with an increased combustion of fossil fuels
which leads to catastrophic air pollution with PM and the associated detrimental health
eﬀects. [6] This makes a zero emission technology for transportation desirable.
Fuel cells (FCs) are a promising technology that can generate electricity for use in station-
ary and transportation applications, from a variety of fuels, with no emission of hazardous
combustion by-products such as NOx, SOx, PM and CO2. [7, 8] Hence they are considered
a zero emission energy conversion technology. Due to the fact that fuel cells utilise an
electrochemical rather than a thermal reaction, they are not limited by the Carnot cycle
and can theoretically reach higher eﬃciencies. [7, 8] Unlike batteries which need to be
recharged and have a limited operating time, FCs will run as long as fuel is provided,
making these devices particularly suitable for transportation where a long range is neces-
sary. [9, 10] Therefore FCs and batteries can be complementary technologies, where the
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former serves long distance high weight vehicles and the latter short range small vehicle
for urban transport. [9, 10] Diﬀerent types of FCs have been described. [7, 8] The most
common ones that also ﬁnd commercial use are alkaline fuel cells (AFCs), molten carbon-
ate fuel cells (MCFCs), phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs),
direct methanol fuel cells (DMFCs) and polymer electrolyte fuel cells (PEFCs), where
DMFCs are mostly a PEFCs, operated with methanol as fuel instead of hydrogen. [7, 8]
Fuels proposed as energy carrier are methanol, ethanol, formic acid, methane and hy-
drogen. [7, 8] While FCs operated with hydrocarbons still emit carbon dioxide, one can
envision a scenario where these fuels are derived from biological sources and hence the
net carbon emission is zero. [11] The beneﬁt of hydrocarbon fuels is their ease of storage
and transport, while oﬀering a high energy density. [12] However, besides the eﬃcient re-
newable synthesis the diﬃculty lies in the eﬃcient utilisation in the fuel cell, due to poor
oxidation kinetics and the associated need for large amounts of expensive precious metal
based catalysts. [13] The hypothetically ideal energy vector is hydrogen which combines
with oxygen in the FC to yield water and electricity. [8, 12] Hydrogen can either be gen-
erated by steam reforming of methane with high eﬃciency, from bacterial metabolisation
of biowaste or by electrolysis of water with electricity from renewable sources. [12] When
electrolysis is used a sustainable energy cycle based on water with no carbon emissions is
the result. [12] Although this scenario still faces signiﬁcant challenges, including hydrogen
storage, transport and distribution [12], eﬃcient and durable electrolysis [14], low cost
fuel cell components [15] and low cost and durable electro-catalysts for oxygen evolution
as well as oxygen reduction [16], progress is being made in all respective areas.
The oxygen reactions are particularly challenging as they involve a complex 4 electron, 4
proton mechanism. [13] This work is mainly concerned with the development and under-
standing of low cost oxygen reduction reaction (ORR) catalysts to reduce the prohibitive
price of low temperature PEFCs with a foray into the use of these materials as eﬃcient
heterogeneous epoxidation catalysts utilising molecular oxygen.
1.1 Polymer electrolyte fuel cells (PEFCs)
Among the various types of fuel cells, PEFCs are considered the most suitable ones for
transportation applications, but can also be used for residential stationary combined heat
and power applications. [8] Examples of commercial fuel cell cars based on PEFCs to date
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are the Hyunday Tucson iX 35 and the Toyota Mirai. [17, 18] A commercial residential
PEFC unit is the Panasonic Enefarm.[19] The beneﬁt of PEFCs are the low operating
temperature (60 - 120 °C), a solid non-volatile electrolyte and the compact design which
oﬀers high power densities. [8]
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Figure 1.1: Operating principle of a PEFC. (left) Operated with a proton exchange
membrane (PEM). (right) Operated with an anion exchange membrane (AEM). [8, 20]
Figure 1.1 shows the operating principle of a PEFC. Left, the operation with an acidic
cation exchange membrane, termed a proton exchange membrane fuel cell (PEMFC) and
right the operation with an alkaline anion exchange membrane, termed alkaline anion
exchange membrane fuel cell (AAEMFC). [8, 20] On the anode side the fuel, in this case
hydrogen is oxidised, while at the cathode oxygen is reduced. The released electrons on
the anode side travel through an external circuit to the cathode side and provide work in
the form of an electrical load, while the protons in case of a PEMFC travel through the
membrane from anode to cathode to combine with the reduced oxygen species to form
water. [8] The associated electrochemical reactions are as follows [8]:
Anode reaction: H2 2H
+ + 2 e− E0−0.00 V vs. SHE (1.1)
Cathode reaction:
1
2
O2 + 2H
+ + 2 e− H2O E0−1.23 V vs. SHE (1.2)
In an AAEMFC the diﬀerence is that instead of protons moving from anode to cathode,
hydroxide ions move from the cathode to the anode to combine with the protons there
and form water. [8] AAEMFCs would oﬀer some advantages as compared to a PEMFC.
These include faster ORR kinetics, allowing for a lower precious metal catalyst loading,
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and a less corrosive environment, allowing the use of a wider variety of materials and
reducing degradation issues present in PEMFCs. [20] However, the hydrogen oxidation
reaction (HOR) would be signiﬁcantly slower at high pH values (≈ 100 times on Pt),
shifting the precious metal problem from anode to cathode. [21] The reactions occurring
in an AAEMFC are given by the following equations [8]:
Anode reaction: H2 + 2OH
− 2H2O+ 2 e− E0 = −0.83 V vs. SHE (1.3)
Cathode reaction:
1
2
O2 +H2O+ 2 e
− 2OH− E0−0.40 V vs. SHE (1.4)
However, alkaline fuel cells have not been successfully commercialised to date, this is
mainly due to the unstable membrane. [20]
Figure 1.2: (top) Structure of Naﬁon®, where n,m,l are integers and the ratio of those
determines the type of Naﬁon®. (bottom) Example of a functionalized polysulfone as
anion exchange membrane.
In PEMFCs the most established types of membranes are based on a polymer with a per-
ﬂuorinated backbone that contains side chains with sulphonic acid groups for the proton
conduction, as shown in Figure 1.2 (top), i.e. Naﬁon®. [8] This allows the formation of
channels through which protons can be conducted. [22] On the other hand one type of
anion exchange membranes is based on polymers with a polyethersulfone (PES) backbone
and side chains with quaternary ammonium groups for anion conduction, as shown in
Figure 1.2 (bottom). [20]
The fuel cell electrodes, anode and cathode, typically consist of a porous carbon substrate
which acts as a gas transport layer (GTL), with a mesoporous layer (MPL) and the
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Figure 1.3: (a) schematic representation of the cross section of a classic membrane
electrode assembly (MEA), consisting of a membrane, sandwiched between two sets of gas
transport layer (GTL), mesoporous layer (MPL), and catalyst layer (CL). The membrane
coated with the catalyst and without GTL and MPL is commonly referred to as catalyst
coated membrane (CCM). (b) example of a ﬂow ﬁeld machined into a bipolar plate. The
MEA is sandwiched between two such plates in order to supply reactants and conduct
electrons. [8]
catalyst layer (CL) between which the membrane is sandwiched. Bonding is usually
achieved by hot pressing above the glass transition temperature Tg of the membrane. This
unit is called a membrane electrode assembly (MEA) and is depicted in Figure 1.3 (a). [8]
The GTL is usually treated with 5 - 35 wt% of a hydrophobic Polytetraﬂuoroethylene
(PTFE) agent. [23] This increases the ability of the electrode assembly to conduct water
away from the catalyst layer and prevent ﬂooding. [8] The MPL is employed to increase
gas dispersion and helps to maximise mass transport, while oﬀering an intermediate pore
size between GTL and CL, which helps to produce a more uniform CL and helps to
prevent loss of catalyst through the large pores of the GTL. It usually consists of high
surface area carbon bonded to the GTL. [8] The catalyst layer is where the respective
reaction takes place. The active catalyst is usually ﬁnely dispersed on a high surface area
carbon support, e.g. VulcanXC72, in order to further increase the accessible surface of the
catalyst. The catalyst layer is further impregnated with an ionomer at approximately 50
wt%, typically Naﬁon®, to facilitate good ion transport and bond the catalyst to electrode
and membrane. [8] This complex set-up is necessary to maximise reactant transport to
the catalyst while ensuring optimal catalyst utilisation and at the cathode facilitating
product water transport away from the catalyst. [8] The catalysts used to date are, on
the anode and the cathode, Pt based. While on the anode the amount of precious metal
is acceptable, the 8 to 10 times higher loading is necessary at the cathode, due to the
sluggish ORR kinetics can be problematic in terms of economic viability. [24] This MEA
is then sandwiched between bipolar plates (Figure 1.4) that supply the gases through
a ﬂow ﬁeld and collect the electrons. The bipolar plates usually consists of graphitised
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and hardenend carbon. [8] Recently novel concepts that move away from this classical
conﬁguration have been used. For example combined metal ﬂow ﬁeld and gas diﬀusion
electrodes.[25]
Figure 1.4: PEM Fuel Cell stack. [Reprinted with permission from Ref. [26]]
A large number of these units is then connected in series to form a stack and provide the
necessary power for the respective application, as depicted in Figure 1.4.[26]
1.2 The Oxygen Reduction Reaction (ORR)
The oxygen reduction reaction is essential to life as we know it. With 21% in the atmo-
sphere, oxygen is the preferred oxidant for most living organisms. [27] Therefore it is the
best choice for fuel cells and recently metal-air batteries. [10] Oxygen occurs as diatomic
molecule with a bond order of 2. In the ground state it is a diradical with 2 unpaired
electrons in the antibonding orbital as shown in Figure 1.5. [27]
O2O O
  2s?
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  2p?
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  2p?*
  2p?*
  2p  2p
  2s   2s
Figure 1.5: Molecular orbital (MO) diagram of oxygen.
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The reduction of one oxygen molecule to give two molecules of water involves four electrons
and four protons, the breakage of a double bond and the formation of four hydrogen oxygen
bonds. [8] This makes the ORR signiﬁcantly more complex and also sluggish than the two
electron hydrogen oxidation reaction (HOR) to protons. [8] The ORR can proceed through
various pathways with hydrogen peroxide as an intermediate. [28]
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Figure 1.6: Reaction scheme of the ORR to water after Woroblowa [28], showing the
direct 4 electron (k1) and indirect 2 + 2 electron pathway (k2, k3). The superscripts b,
s and * denote the species in the bulk, close to the surface and adsorbed, respectively.
Figure 1.6 depicts the main pathways. The direct 4 electron pathway (k1) converts oxygen
directly to water without the formation of peroxide. The 2+2 pathway leads to interme-
diate hydrogen peroxide (H2O2) formation before reduction to H2O. If the rate constant
for the formation of peroxide (k2) is larger than the one for the consumption of peroxide
to produce water (k3), the intermediate peroxide species can desorb from the catalyst sur-
face. A rate constant for the desorption of H2O2 (a2) which is large enough leads to the
2 electron pathway with peroxide as a product. [28] The standard potentials for peroxide
formation are as follows [29]:
Acid: O2 + 2H
+ + 2 e− H2O2 E0 = 0.68 V vs. SHE (1.5)
Alkaline: O2 +H2O+ 2 e
− HO2− +OH− E0 = 0.084 V vs. SHE (1.6)
The free peroxide species will degrade fuel cell components and is therefore undesirable. [8]
The 1 electron reduction of oxygen to superoxide (O−2 ) can be observed in aprotic or
highly alkaline electrolytes. [30, 31] The pathway will depend on the utilised catalyst and
the applied potential, which aﬀects the stabilisation imparted by the adsorption of the
intermediate on the catalyst. [32] In order to facilitate the direct 4 electron pathway, the
relatively strong O-O bond (498 kJ/mol) would need to be broken before or during the
second electron transfer. [8] This so called dissociative mechanism would require a strong
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interaction of oxygen with the catalyst surface. However, recent results suggest that even
for Pt, one of the best ORR electrocatalysts, the reaction might proceed predominantly
via the 2+2 pathway. For some catalysts a strong pH dependence is observed. This might
occur when the superoxo/peroxo pathway is present, where the ﬁrst electron transfer
to produce O−2 is the rate determining step (RDS). [31, 32] This strong pH behaviour
is observed for metal surfaces, e.g. Ag or Au, and for carbon or heteroatom doped
carbon surfaces. [13, 32] In general the ORR becomes more facile under more alkaline
conditions. [8] It was argued based on a modiﬁed Pourbaix diagram, that the pH change
shifts the reversible potential of the pH independent ﬁrst electron transfer relative to
the reversible hydrogen electrode (RHE) thus providing a larger driving force for this
reaction. [32] On carbon surfaces doped with heteroatoms an associative mechanism is
suggested by density functional theory (DFT) calculations. [33, 34] A general pathway for
the associative mechanism on a single active site is as follows [8] :
A + O2(g) A···Oad2 (1.7)
A···Oad2 +H+(aq) + e− A···OOHad (1.8)
A···OOHad + e− A···Oad +OH−(aq) (1.9)
A···OOHad + e− A+OOH−(aq) (1.10)
A···Oad +H+(aq) + e− A···OHad(aq) (1.11)
A···OHad +H+(aq) + e− A+H2O(l) (1.12)
Where A is the active site and Equations 1.9 and 1.10 are competing reactions and 1.10
leads to the 2 electron pathway. It has to be mentioned that DFT calculations have to be
taken with care, as most procedures do not take the double layer or the solvation of the
reactants into account. These parameters play important roles in determining the stability
of activated complexes and intermediates. [35] Alternatively a reductive adsorption with
a superoxide species might precede the ﬁrst proton transfer. Instead of a proton coupled
electron transfer (PCET) (Equation 1.8), the ﬁrst electron transfer and the ﬁrst proton
transfer are then not concerted, but occur successively, as shown in the following equations
[36]:
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A + O2(g) + e
− A···O−ad2 (1.13)
A···O−ad2 +H+(aq) A···OOHad (1.14)
The pH dependence of the activity on these carbon based catalysts, with a signiﬁcantly
higher activity in alkaline solutions might arise due to protonation/deprotonation of the
active site or sites associated with the catalytic activity or due to the superoxide formation
(Equation 1.13) being the RDS and being more favoured in alkaline electrolyte. [8, 32] In
order for the complex ORR to proceed with a suitable rate and selectivity electrocatalysts
are necessary. [8]
1.3 Reason for electrocatalysts - PEMFC eﬃciency and losses
When operating an electrochemical device it is crucial to minimise parasitic losses and
maximise current or fuel eﬃciency in order to make this device economically feasible. The
theoretical energy eﬃciency of a device is generally deﬁned by the ratio of useful work
that can be extracted to the amount of chemical energy stored in the respective fuel. [8]
In an electrochemical device the maximum amount of work that can be extracted is given
by the Gibbs free energy of the reaction. In the case of a hydrogen fuel cell [8]:
H2 +O2 H2O ΔG
0 = −237.1 kJ/mol (1.15)
The standard enthalpy of formation of liquid water from H2 and O2 under standard
conditions, which can be considered as the chemical energy stored in hydrogen, is ΔH0f =
-285.8 kJ/mol. The eﬃciency is then calculated by [8]:
η =
ΔG0
ΔH0f
=
−237.1
−285.8 = 0.83 (1.16)
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Therefore the maximum theoretical eﬃciency is 83 %.1 The reversible cell voltage E (V)
of an electrochemical system is linked to the free energy ΔG (kJ mol-1) by the following
relationship [8, 37]:
ΔG = −nFE (1.17)
where n is the number of electrons and F (C mol-1) the Faraday constant. At standard
conditions (Δ G0 = -237.1 kJ/mol) one arrives at 1.23 V. This is the theoretical open
circuit potential (OCP) of a hydrogen/oxygen fuel cell.2 [30] When work in the form of
electricity is extracted from a fuel cell, the cell needs to be polarized to provide current
(I in A). This decreases the potential of the cell, while providing power (P = E × I in
W) to perform work. The Voltage eﬃciency is deﬁned as [30]:
ηe = η × Ecell
EOCV
= 0.83× Ecell
1.23V
(1.18)
From the above relationship it is clear that the cell needs to run at as high potential as
possible to obtain a high eﬃciency while providing as much current as possible to provide
a high power density. Commercial fuel cells need to run at cell potentials between 0.65
and 1.0 V to achieve eﬃciencies between 40% to 67%, while delivering a suﬃcient power
density for the required application.3 [38]
In a fuel cell there are three major losses upon polarisation. (i) the activation polarisation
ηact, (ii) ohmic drop ηohm and (iii) concentration polarisation ηconc in V.[8] Figure 1.7
shows a typical PEMFC polarisation curve where the typical region of the respective
losses are indicated. The activation polarisation arises due to the kinetic limitations of
the reactions involved and for each reaction can be approximated by [8]:
ηact =
RT
αnF
ln
(
j
j0
)
(1.19)
1in this example the higher heating value (HHV) is used. This assumes the formation of liquid water
rather than water vapour.
2varying the conditions such as partial pressure of reactant or temperature will alter the values. The
respective values can be obtained by the relevant thermodynamic relationships and are omitted in this
discussion for clarity.
3this consideration does not take into account the eﬃciency losses due to production, storage and
transport of the fuel (well to wheel eﬃciency).
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Figure 1.7: Representative fuel cell polarisation curve, showing the diﬀerent parasitic
losses an the typical potential region at which those dominate.
Where R (J mol-1 K-1) is the gas constant, T (K) the temperature, α the transfer coeﬃcient
of the reaction, F (C mol-1) the Faraday constant, j (A cm-2) the respective current density
and j0 (A cm
-2) the exchange current density of the reaction under consideration. j0 is
only well described for an elementary reaction step and for a complex reaction such a the
ORR it can be crudely considered a measure on how facile the reaction is. [37] The ohmic
drop is given by [30]:
ηohm = jRcell (1.20)
where Rcell (Ω) is the combined cell resistance, consisting of electrolyte resistance and
all the electrical resistances including contact resistance between components and lead
resistances. The concentration polarisation is given by [30]:
ηconc =
RT
nF
(
1− j
jlim
)
(1.21)
where jlim is the limiting current density. The cell potential at a given current density j
is then given by [30]:
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E(j) = EOCV − ηanodeact (j)− ηcathodeact (j)− ηohm(j)− ηconc(j) (1.22)
where ηanodeact (j) is the activation polarisation associated with the anode reaction, i.e. the
hydrogen oxidation reaction (HOR) and ηcathodeact (j) the activation polarisation associated
with the ORR respectively. It is clear that the polarisation losses have to be minimised in
order to obtain the maximum potential and hence eﬃciency and power density. [30] The
ohmic drop can be minimised by using high performance ultra-thin membranes which are
as thin as 10 μm, such as in the recently released Toyota Mirai [18, 25], by minimising the
contact resistance between and the electrical conductivity of the stack components. [8] The
concentration polarisation can be minimised by clever engineering of gas distribution, gas
diﬀusion media and catalyst layer. [18, 25] This leaves the activation polarisation, which
is deﬁned by the electrokinetics of the respective reaction and can only be decreased by
suitable catalysts. This makes the development of high performing electrocatalysts crucial
for the operation of electrochemical devices. In hydrogen fuel cells, the HOR is usually
considered facile enough on the utilised Pt catalysts. [16] The ORR however is especially
challenging and contributes to the major part of ηact as it involves this complex mechanism
with a detrimental H2O2 intermediate that needs to be avoided. The selectivity towards
water is therefore another performance metric for ORR electrocatalysts. [28]
1.4 Electrokinetics and electrocatalysis
In general for an elementary chemical reaction step to occur an activation barrier has to
be overcome. [37]
A
kf
kb
B (1.23)
The rate of this reaction step is then correlated with this activation barrier and is given
by following relationship which was ﬁrst introduced by Arrhenius and then extended in
the transition state theory [37]:
k = Ae−ΔG
‡/RT (1.24)
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where k is the respective rate constant for the forward (kf ) and backward (kb) reaction
respectively. When at equilibrium, kf = kb and is called k0. ΔG
‡ (kJ mol-1) is the free
energy of activation that needs to be overcome in order to reach the transition state. R
is the gas constant, T the temperature and A a pre-exponential factor which includes
the statistical probability of collisions that lead to a reaction. [37] Thus, if the activation
barrier is lowered, k is increased and the reaction proceeds more facile. This is the task
of every catalyst. Generally it is achieved by a favourable catalyst-reactant interaction
that stabilises the activated complex or transition state. [37] An electrochemical reaction
is given by [37]:
O + ne−
kf
kb
R (1.25)
when at equilibrium, the reaction will have the reversible potential according to the Nernst
equation [37]:
E = E∗0 +
RT
nF
ln
(
C∗ox
C∗red
)
(1.26)
where E (V) is the equilibrium potential, E∗0 (V) is the formal standard potential, C∗ox and
C∗red (in mol cm
-3) the bulk concentrations of the oxidised and reduced species an n the
number of electrons transferred. The potential current relationship was ﬁrst empirically
found by Tafel to be [37]:
η = a+ blogj (1.27)
where a and b are constants. η (V) is the so called overpotential and describes the devia-
tion form the respective equilibrium potential (Esystem−EOCV ). For anodic processes, i.e.
oxidations, η is positive and for cathodic processes, i.e. reductions, η is negative. Based
on this observation the Butler-Volmer model of electrode kinetics was developed [37]. It
depends upon the relative modulation of the energies and thus activation barrier upon
change of potential. If the potential is increased relative to the OCP, the reduced species
becomes less stable, which increases its relative free energy and hence the activation bar-
rier towards oxidation becomes smaller as compared to the opposite process and vice versa.
The imbalance in activation energies results in a net reaction which means a current. [37]
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The following expression results form the derivation and describes the current-potential
characteristic of a one electron elementary electrochemical reaction [37]:
j = j0
{
exp
[
αnFη
RT
]
− exp
[
−(1− α)nFη
RT
]}
(1.28)
where j0 is the exchange current density and α is the transfer coeﬃcient. The Tafel
relationship is a limiting case of the Butler-Volmer model, where the overpotential is
suﬃciently large, so the reverse reactions contribute less than 1% and can be neglected. [37]
For a simple electrochemical step kinetic parameters can be extracted from a Tafel plot,
as the constants a and b are then [37]:
a =
2.3RT
αF
logj0 and b =
−2.3RT
αF
(1.29)
Thus the exchange current density and the transfer coeﬃcient can be extracted. [37] The
exchange current density is correlated with the rate constant of an electrochemical step
by the following relation [37]:
j0 = nFk0C
α
oxC
(1−α)
red (1.30)
where Cox and Cred (in mol cm
-3) are the concentrations of oxidised and reduced species
at the surface, repectively. This means ultimately j0, so k0 need to be increased and
therefore the principle of an electrocatalyst is similar to the catalyst; it has to favourably
interact with the substrate and lower the activation barrier ΔG‡ for the reaction to be
kinetically more facile. The additional requirement for an electrocatalyst as compared to a
catalyst is that is has to be electrically conductive in order to minimise ohmic losses. Most
technologically important reactions, including the ORR, are not simple elementary charge
transfer steps as shown in equation 1.25. These usually involve a complex series of steps,
including (i) diﬀusion of species to the catalyst surface (ii) adsorption and desorption of the
unreacted substrate (iii) a series of electron and/or proton transfer steps (iv) desorption
of intermediates (v) competitive blocking of sites (vi) desorption of the product and (vii)
diﬀusion of the product away from the catalyst surface. [37] These steps can either occur
successively or in parallel, so competitively. Every step has a rate associated with it and
the complex interplay of these rate constants then deﬁnes the exact current potential
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behaviour. [37, 39] These steps can be modelled and give mathematical expressions which
can support proposed reaction mechanisms upon ﬁtting with experimental data. [39]
?G‡
?Gn
?G0rxn
transition
state
Reaction coordinate
Fr
ee
 e
ne
rg
y 
/ a
.u
.
n
4e-+4H++O2+A 
 3e-+4H++O2-A
3e-+3H++HOO-A
2e-+2H++H2O+O-A
e-+H++H2O+HO-A
 2H2O + A
Figure 1.8: Diagram showing the free energy of diﬀerent intermediates for the ORR
along a reaction coordinate. The values for the activation barrier of a particular reaction
step ΔG‡n, the free energy of a particular reaction step ΔGn, the free energy of the
complete reaction ΔG0rxn and the energetic location of the respective transition state
are indicated. In this case the ﬁrst electron transfer is the RDS, as it has the highest
activation barrier.4
For many reactions it is assumed that one step is signiﬁcantly slower, i.e has a signiﬁcantly
higher activation barrier ΔG‡, than all other steps and is the RDS. [37] Figure 1.8 shows
the reaction pathway described in Equations 1.7 to 1.12 (without 1.10).4 [36, 40] Even
complex reactions can show some sort of Tafel behaviour. However, extracting the kinetic
parameters as is done for the elemental step is not possible. [37] This is because the
contributions from the other reaction steps cannot be neglected. [37] Nevertheless, Tafel
slopes and apparent exchange current densities can be used to compare the kinetic facility
of a reaction on similar materials to each other and get some insight.
The nature and energetic shape of the activation barrier can be explained with micro-
scopic theories of charge transfer, among which the Marcus theory is the most prominent
one. [37] It holds for electrochemical charge transfer as well chemical charge transfer. [37]
An extensive treatment is outside the scope of this work and the interested reader is re-
ferred to the respective literature. [37, 41–43] A summary will be given for completeness.
The theory distinguishes between outer sphere and inner sphere electron transfer. While
in the outer sphere electron transfer the solvation shell of the reactant stays intact during
the reaction step and the molecule does not interact with the electrode material directly,
4the relative energies have been chosen arbitrarily and vary for each catalyst.
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the inner sphere mechanism involves a strong direct interaction of the substrate with
the electrode, i.e. chemisorption. Almost all electrocatalytic reactions are inner sphere
mechanisms, as this very catalyst-substrate interaction deﬁnes the role of most catalysts.
The basis of the theory is the assumption that the electron transfer is a radiationless
isoenergetic process. This means the electron has to move from the donating state, i.e.
electrode or reduced reactant, to the same energy level of the receiving species, i.e. re-
duced reactant or electrode, respectively. [37, 41–43] Expressed in a very simpliﬁed way,
the theory considers the reaction coordinate in terms of bond lengths of initial and ﬁnal
state with contributions from solvent molecules and terms associated with the movement
of charged species through an electrical ﬁeld. An electron transfer can then only occur
when the physical state of the initial and the ﬁnal state are the same. This is then the
transition state. [37, 41–43] The following relationship was derived for an electrochemical
system [37]:
ΔG‡f =
λ
4
(
1 +
F (E − E0)
λ
)2
(1.31)
where ΔG‡f (kJ mol
-1) is the activation energy of the forward step and λ (kJ mol-1) is the
reorganisation energy that results from the derivation as the amount of work necessary to
bring the conﬁguration in terms parameters such as bond length, bond angle, solvation
shell and spatial orientation of the initial state to that in the ﬁnal state. At equilibrium
ΔG‡ ≈ λ4 . This means the reorganisation energy is smaller when the reduced and oxidised
state are more similar to each other and k0 becomes larger hence the reaction more
facile. [37] It has to be mentioned that this relationship was derived for an outer sphere
electron transfer and expressions for inner sphere electron transfers are more complex and
subject to ongoing research. [35, 37]
From this consideration one can in a simpliﬁed way understand the principle of a catalyst
to lower ΔG‡. This can be done by inducing a transition state which leads to a conﬁgura-
tion in which the two states are arranged to be similar, e.g. in terms of bond length. For
the ﬁrst step of the ORR, the electron transfer to form O−2 , a favourable interaction with
a catalyst could be the donation of electron density from the catalyst into the antibond-
ing orbital of the oxygen molecule, creating a state where this intermediate is similar to
the initial as well as the ﬁnal state, by increasing the O-O bond length. If the catalyst
facilitates this with the RDS, the reaction is enhanced signiﬁcantly. An ideal catalyst
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however would facilitate this for every step of a multi step mechanism. To achieve this,
the active site would have to be highly complex and be able to change during the course
of the reaction. To date only enzymes might behave in such a way.
In catalyst development it is useful to ﬁnd descriptors, e.g. material properties, which
govern catalyst activity. [36, 40, 44] This potentially enables a more rational catalyst
design and minimises the trial and error approach. The most basic activity descriptor for
catalysts as well as electrocatalysts is the energy of adsorption Eads of a substrate with the
catalyst surface. [36] The Sabatier principle states that the most active catalyst should
bind the substrate strong enough to facilitate a good interaction. If it binds too strongly
however the desorption is hindered and the catalyst becomes poisoned. [36] Plotting Eads
or any other activity descriptor versus the activity for diﬀerent materials usually results
in an ascending branch and a descending branch, with the most active material on the
top.
Figure 1.9: A plot of the electrochemical biding energy of O2 on diﬀerent metal surfaces
and the respective ORR activity. [Reprinted with permission from Ref. [36]. Copyright
2004 American Chemical Society.]
An example of such a plot for the ORR is shown in Figure 1.9, it is called a Volcano curve,
owing to its shape. The activity is given as the logarithm of current density. It can be
seen that Pt is the by far the most active pure metal for the ORR. [36] The same applies
for the HOR. [8] In complex mechanisms as for the ORR, diﬀerent descriptors have been
used for metal surfaces, such as binding constants of certain intermediates or the d-band
center of the metal. [40, 45]
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1.5 Cost, durability and activity requirements for fuel cell
catalysts
The biggest challenges in commercial fuel cell development remain the cost and the dura-
bility. [38, 46] Other challenges, such as system power density (W/L), stack speciﬁc power
(W/kg) or cold start-up are acceptable for transportation applications. [38, 46] Therefore
the US Drive partnership, a consortium that gives feedback to the US Department of En-
ergy (DoE), set the following development targets for commercial fuel cells. [38, 46] The
requirements are based on the necessity of a FC stack to compete with an internal com-
bustion engine (ICE). Therefore the durability target was set to ≥ 5000 hours operation
with a voltage loss of ≤10% under realistic operating conditions such as load cycling and
start/stop operation. This is equivalent to 150 000 miles (∼241 000 km) of driving. [46]
2530h have already been projected for current fuel cell technology. [47] The cost of a stack
should be competitive and was set to $40/kW by 2020. [46] From these requirements the
desired metrics of fuel cell catalysts arise. The main reasons that make the development
of fuel cell catalysts challenging are (i) the corrosive conditions within a PEMFC, i.e high
potentials and low pH (ii) the fact that Pt is by far the most active electrocatalyst for
both the ORR and the HOR and (iii) the need for a high power density at a potential of
≥0.65 V in order to ensure adequate fuel utilisation and provide the necessary volumetric
power density for transportation or small stationary applications. [38] To date only Pt
based catalysts can perform this task with a reasonably low loading. [25, 38] Currently,
state of the art fuel cells use a Pt based catalyst at the anode and cathode. The loading at
the anode could be reduced to 0.05 mgPt/cm
2 without signiﬁcant performance loss. [38]
This is 1/8 of current state-of the art cathodes which use a loading of 0.4 mgPt/cm
2. [16]
Based on the DoE cost projections a target value for precious group metals (PGM) of
0.125 mg/cm2MEA (or 0.125 gPt/kWstack) without performance loss is set for 2020. [46]
The mass activity target is 0.44 A/mgPGM @900 mViR-free cell potential. [46] To achieve
this, either ORR catalysts without the use of PGMs need to be developed or the util-
isation and/or speciﬁc activity of existing PGM catalysts needs to be increased. [13] A
new group of non-precious metal catalysts, based on carbon doped with transition metals,
Fe or Co and nitrogen (M-N/C) is considered a promising non-PGM type replacement
material. [13] Although the speciﬁc activity is signiﬁcantly lower, it is argued that due to
Chapter 1: Introduction 53
the negligible cost, the loading can be increased to reach the necessary activity. [38] How-
ever, this increase in loading is not unrestricted, as a higher loading would impose mass
transport and water management issues with detrimental eﬀects on fuel utilisation. [38]
Moreover for transportation application the space requirements need to be considered in
order to maintain the required volumetric power density. Based on these considerations a
target of 300 A/cm3 @800 mViR-free cell potential was suggested for non-PGM catalysts.
The performance is normalised to the volume, as the electrode volume is considered to be
the limiting factor. [38]
1.6 Types of ORR electrocatalysts
Diﬀerent approaches are investigated to reach the required targets, all of which have their
justiﬁcation. The main approaches will be summarized here. [45]
For pure Pt it is known from single crystal studies that diﬀerent surface facets exhibit
diﬀerent activities, e.g. Pt(110) ≈ Pt(111)  Pt(110) in HClO4 electrolyte, and that
terraces and steps also modulate the activity. [48, 49] The possibility of an ideal surface
with the maximum activity can be hypothesised. However, restructuring eﬀects make
this elusive. Another aproach is to increase the eﬀective exposed surface of the utilised
Pt. [45] This can be done by either preparing smaller nanoparticles or nanostructured thin
ﬁlms of atomic thickness on a support. A particle size and shape eﬀect on the speciﬁc
activity of Pt is topic of ongoing debate. [45] The diﬃculty in reducing the Pt content
with this approach is that as the loading is decreased, the sensitivity of the catalyst
to even trace amounts of poisons increases, which is problematic under real operating
conditions.[45, 50] Periodic electrochemical or chemical cleaning of the catalyst surface
would be an option. [50]
Alloying of Pt with inexpensive late transition metals has shown to increase the speciﬁc
activity towards the ORR. In fact the catalyst used by Toyota in the Mirai is a PtCo
alloy. [18, 25] Fe, Ni and Co show the most promising stability and activity characteris-
tics. [45] The agreement is that upon post-synthetic annealing a Pt skin forms around the
alloy particle and the enhancement is attributed to lattice strain eﬀects. [40, 45] Recently
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it also has been shown that alloys with early transition metals and rare earth elements can
be a promising option. Pt5Gd or Pt3Y show an enhancement in speciﬁc activity of 5. [44]
Porous structures can also be produced by selective leaching of the non-noble elements.
This can leave hollow Pt polyhedra which have shown signiﬁcantly increased activities
of up to 36-fold in model studies. [51] The most promising alloys show problems with
respect to operational stability and scalability of the synthesis. [45] Another concern is
how to translate the enhancements seen in model studies into the operating device.[45, 52]
The core-shell approach tries to deposit a monolayer of Pt onto nanoparticles of less
expensive other metals, such as lower cost PGMs or transition metals. [53] The increase
of Pt utilisation comes about, because the ∼70% Pt in the bulk of pure particles is not
utilised. [45] It has been shown that the core can even be used to inﬂuence the properties
of the Pt skin beneﬁcially by modulating the d-band center. [45] Higher speciﬁc activ-
ities have been demonstrated for Pt−AuNi10, Pt−Cu and Pt−Pd core-shell nanoparti-
cles. [45, 53, 54] The major problem with this approach is the scalable synthesis and for
non-noble cores, the stability. [45]
Metal Oxides and related structures: For reasons outlined in 1.7.1 it is desirable to
eliminate the precious metal content altogether. One group of materials that show appre-
ciable ORR activity are transition metal oxides, nitrides, oxynitritdes and carbides.[45]
Due to the oxidised state, these materials are stable in acid. Various combinations of
materials have been synthesised and assessed, including ZrO2−x, Co3O4−x and TaOx. [45]
It is believed that oxygen vacancies might be the source of the catalytic activity. [45] Some
of these nanoparticles show encouraging onset potentials of as high as 0.94V vs RHE. [55–
58] However, the synthesis and poor conductivity are major challenges to be overcome
for these materials. [45] Approaches which are studied include the doping with nitrogen
to reduce the band-gap and produce oxynitrides, deposition on supports such as carbon
nanotubes (CNTs) or reduction of size for better dispersion. [45] Metal nitrides, such as
TiN on CNTs have also been developed and tested. However, with a low activity. Metal
carbonitrides such as TaCxNy have shown promising activities, especially after partial
oxidation. [45] These materials could be promising, if they show the required stability, 4
electron selectivity and if their synthesis can be scalable. At the moment most materials
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are prepared by sputtering and annealing on a small scale. [45]
Metal chalcogenides, such as transition metal compounds with S, Se or Te show ap-
preciable ORR activity. [45] One of the most promising materials, Ru2Mo4Se8, has shown
an only 100 - 150 mV lower half-wave potential than Pt in H2SO4. [59] It was found that
the chalcegonide can lower the otherwise strong oxygen binding energy and thus increase
the catalytic activity of Ru, Rh and Co. [45] The main concern with these materials is
the cycle stability and the toxic selenium. [45]
Carbon based metal containing (M-N/C) and metal free (N/C) catalysts: Bio-
logical systems utilise transition metal macrocycles for oxygen activation. [60] Inspired by
the impressive capabilities of living systems to use oxygen eﬃciently, this approach has
been translated to electrocatalysis. [61] A promising material emerged after successive
improvement. [62] It has been found that carbon materials which are doped with nitro-
gen and some transition metal after a high temperature heat treatment show appreciable
activity and stability towards the ORR. [45] These materials are the topic of this thesis
and are introduced in the following section.
1.7 M-N/C type non-precious metal catalysts (NPMCs)
1.7.1 Reasons for research into non-precious metal catalysts
Price and availability are the main incentives to substitute Pt or other PGMs. [63, 64]
Figure 1.10: Breakdown of costs for the components in a fuel cell stack at diﬀerent
production volumes. [Taken from [64]]
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It can be seen in Figure 1.10 that the catalyst alone contributes a signiﬁcant fraction
to the production cost of a fuel cell stack. While economies of scale decrease the price
of all other components, the contribution of the catalyst cannot be further decreased
and will be the major expenditure in the stack.[64] As an example, the Toyota Mirai
uses approximately 40g of Pt with a raw material cost of ∼1500 USD. [65, 66] This
cost might be deemed acceptable for an expensive luxury car, where the price of the
catalyst would only contribute to a fraction of the sales price. However, for a combustion
engine equivalent mid range passenger car comparable to the Mirai that sells in the range
of 30000$ this would constitute ∼5 % of the sales price and would make the vehicle
commercially challenging.[67]
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Figure 1.11: Abundance of the elements in the earths crust [Taken from [68, 69]].
It is clear from Figure 1.11 platinum and other platinum group metals that are active for
fuel cell reactions are among the scarcest elements in the earth’s crust.[68] This leads to
constraints in the total amount of Pt available, it’s geolocation and the volatility of the
price.[63]
Due to the scarcity, the already high price of Pt is subject to strong ﬂuctuations in
times of economic uncertainty. For instance, during the oil crisis in the 1980s and the
ﬁnancial crisis 2008 the price of Pt increased by a factor of 2 - 3 on short time-scales
of 1 - 2 months. [70] This will be a problem if Pt is a critical raw material for vehicle
manufacturing.
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Figure 1.12: Distribution of known Pt reserves in the world. [71, 72]
An increased supply risk for Pt is additionally present, as the major amount of known
reserves are located in South Africa, as shown in Figure 1.12. [71, 72] Another drawback
of Pt base catalysts is their sensitivity to poisons. While they show a high activity
on a mass basis, the performance of the catalyst is strongly aﬀected by trace amounts
of contaminants which can be present in the atmosphere, e.g. sulfur dioxide, volatile
organic compounds or ammonia to name only a few. [50, 73, 74] This will be an issue, as
fuel cells will consume oxygen from the air, which can be contaminated with detrimental
compounds from pollution in urban areas and agriculture in rural areas. This issue will
be discussed in more detail in the relevant section. Finally, ∼90 million vehicles are
produced per year. [75] If only 20% of the ﬂeet was replaced with fuel cell cars that use
a comparable amount of Pt as the Mirai, a supply of ∼720 tons of Pt per year would be
necessary. Currently the annual global production of Pt is ∼300 tons, including recycled
material. [71] Therefore, such a scenario would not be possible with the currently used
Pt loading and Pt production. It is questionable whether it would be possible to increase
the production to the necessary degree, without signiﬁcant price pressure. Therefore
alternatives for Pt based materials are crucial for the mass commercialisation of fuel cell
vehicles. The materials subject to this work consist mainly of carbon, which is doped
with nitrogen and diﬀerent transition metals, such as Fe, Mn, Co or Cr. As can be seen
in Figure 1.11, all these elements are highly abundant in the earth’s crust and therefore
the raw material cost for the production of such catalysts is signiﬁcantly lower than for
Pt.
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1.7.2 Development of biologically inspired ORR catalysts
All aerobic organisms utilise oxygen as the ﬁnal oxidant. [76] Therefore nature has devised
highly eﬃcient ways of oxygen reduction. [76] Living organisms require the ORR to be
conducted in a highly controlled manner and the avoidance of damaging intermediates,
such as O–2 and H2O2. [76] Therefore biomimetic catalysts with a high activity would
be interesting for electrochemical applications. The reaction in the respiratory chain is
carried out by complex enzymes and the most prominent is cytochrome c oxidase CcO. [76]
Within this complex oxygen is reduced to water. [76]
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Figure 1.13: Active site strucuture of cytochrome c oxidase (CcO) [77]
Although enzymes are too complex and delicate to be used as fuel cell catalysts, the
study of the active site might oﬀer the possibility to reproduce it in a simpler, more ro-
bust system. Figure 1.13 depicts the active center of CcO. [77] It consists of an iron atom,
coordinated with a porphyrin derivative and is surrounded with amino acid residues and
a Cu atom in the vicinity of the iron center. [77] It is believed the surrounding struc-
ture is required in order to facilitate fast electron and proton transport for the reac-
tion. [77] The active site is the iron center, where oxygen coordinates and is successively
reduced. [77] The iron center coordinated with porphyrin is also termed heme, and a
promiment group of heme containing enzymes is cytochrome P450. [78] This structure is
a ubiquitous moity that is found across organisms and enzymes which interact with vari-
ous small molecules. [78] It takes part in most metabolic cycles. [78] CcO itself contains
two cytochrome centers and two copper centres. [79, 80] The additional metal centres
facilitate eﬃcient electron transport.
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Scheme 1.1: Proposed mechanism for the activation of dioxygen by cytochrome P450.
[Reproduced after Ref. [81]]
The catalytic cycle of oxygen activation on cytochromes is well studied, as it interacts
with various molecules and is also an eﬃcient hydroxylation catalyst (Chapter 7 will be
devoted to this topic). [82] Figure 1.1 shows a widely accepted proposed cycle for the
reduction of dioxygen, to generate a iron-oxo species (F), which then hydroxylates an
aliphatic hydrocarbon to regenerate the original state. [81, 82] The capability to cleave
the strong O-O bond is the striking feature of this type of moiety, with the resulting
FeIV ––O being a strong oxidant or in other words easy to reduce, thus overcoming the
kinteic limitation of O-O bond cleavage. [81, 82] In case of CcO, the ﬁnal product is a
second water molecule after species (F). [77, 80] It is proposed that after the O-O bond
cleavage, the active center of CcO is an an oxidised state of Tyr•/CuII/FeIV−O which
then easily reacts with 4 electrons and 2 protons to give water and the original state of
Tyr/CuI/FeII. [77, 80]
It is known that O2 interacts with most late transition metals. [84] The reason for this
interaction is the ability of oxygen to act as a ligand and can be explained with molec-
ular orbital (MO) theory. [84] On a single metal site 2 diﬀerent modes of adsorption are
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Figure 1.14: Diﬀerent spatial conﬁguration for dioxygen, when it interacts with metal
acvive sites. a) End-on conﬁguration with frontier orbital interactions. b) Side-on con-
ﬁguration with frontier orbital interactions. c) Further possible conﬁgurations, when the
active centre consists of 2 sites. [83] M is a metal site and X can be either a metal site or
a diﬀerent atom that might interact with the substrate, e.g. nitrogen from the ligand.
possible. [83] Figure 1.14 (a) shows the end-on conﬁguration, where the metal dz2 orbital
donates electron density into the oxygen π* antibonding orbital thus decreasing the bond
order. Additionally, the metal dxz or dyz orbitals interact with the oxygen πorbital and
receive electron density through backbonding. [83] For the side on conﬁguration the inter-
actions are slightly diﬀerent, due to the orbital symmetry (Figure 1.14 (b)). [83] Scenarios
of 2 metal sites, as shown in Figure 1.14 (c) are also known. [85] This has been reported
for Co cofacial porphyrins or Cu complexes. [85] The ﬁlling and energy levels of the d
orbitals are therefore crucial parameters that determine the interaction with oxygen and
hence the catalytic activity. The chemical environment and the type of metal center are
the main descriptors to inﬂuence these parameters. [86]
Transition metal porphyrins and phthalocyanins, shown in Figure 1.15, are two model
compounds which resemble the most fundamental part of the enzymatic systems. [78, 82]
The ﬁrst report of using this type of molecules for the electrochemical ORR was made
by Jasinki in 1964 and started this research ﬁeld. [87, 88] Co-phtalocyanine was used and
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Figure 1.15: General structure of a) metalloporphyrin and b) metallophtalocyanine. [85]
showed reasonable ORR activity. [87, 88] Subsequently it was found that the catalytic
activity has a strong dependence on the metal centre.[89–93] The molecules were either
prepared into composite electrodes [88] or adsorbed onto high surface area carbon. [89]
Early on however it was also found that the porphyrins lack the necessary selectivity,
stability and activity to operate under fuel cell conditions, e.g. under elevated temperature
and highly acidic conditions. [89, 94, 95] The catalytic activity and selectivity to water
rather then peroxide also depends on the pH. While the iron based macrocycles have
been shown to favour the 4 electron pathway in alkaline and the 2 electron pathway
under acidic condition, the reveres trend was found for Co based complexes. [85] The
stability of these complexes is compromised by dissolution of the central metal species or
the degradation of the macrocycle.[96, 97] Nevertheless, studies on these complexes are
useful to gain fundamental insight into activity trends. [85] The advantage of molecular
complexes is that the d orbital conﬁguration can easily be controlled and the molecules
can be well characterised in order to develop structure property relationships. [98–100] It
is furthermore much easier to run DFT calculations on well deﬁned molecules rather than
complex structures. [99, 101] The results suggest that on cobalt catalysts only the end-on
coordination is observed, while for iron side-on is also possible. [101]
The most notable result that emerged from studies is the apparent correlation between
the formal M(III)/M(II) redox potential and activity. [85] The electro-negativity of the
porphyrin (P) and phthalocyanine (Pc) ligand, which can be inﬂuenced by attaching either
electron withdrawing or donating side groups to the ligand modulates this potential. [85]
Zagal et al. studied the redox potential relationship of diﬀerent Fe and Co complexes
with diﬀerent redox potential versus the observed activity at a ﬁxed potential. [93] It was
found that electron withdrawing groups can increase the activity of the catalyst. [93] This
is correlated with the shift of the metal redox potential to higher values. [93] Other studies
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Figure 1.16: Plot of logk versus redox potentials of the metal for O2 reduction in 0.1M
NaOH on diﬀerent metal macrocycles adsorbed on glassy carbon. [Taken with permission
from Ref. [93]]
found similar relationships under various conditions and also for other reactions, such as
oxidation of hydrazine.[102, 103] Figure 1.16 shows that an almost linear relationship is
present, resembling the ascending part of a volcano curve (Figure 1.9). [85, 93] This implies
that there is room for signiﬁcant improvement on the activity. [85] The correlation of O2
onset potential and Fe(III)/Fe(II) redox potential has also been observed with Fe K-edge
XANES (X-ray Absorption Near Edge Structure), in situ in 0.5M H2SO4. [104] A volcano
like relationhship was found for the ﬁlling of the d-orbitals and the catalytic activity
under alkaline conditions. [105] Due to the found correlations, it is the consensus in the
community that the active ORR site in these compounds it the central metal ion. [85, 96]
Although the research into molecularly well deﬁned complexes for the ORR is ongoing,
due to the vast body of literature, the survey in this section is by no means exhaustive.
It is limited to the most important ﬁndings and trends that might have implications for
the heat treated materials.
1.7.3 Heat treatment and ﬁrst applications in PEFCs
Shortly after Jasinksi’s report it was discovered that a heat treatment step under inert
atmosphere increases the stability and activity of metal macrocycles. [92] Fundamental
work of Jahnke, Bagotsky, Wiesener and Fuhrmann and later van Veen established ac-
tivity trends, focusing on the pyrolysis of transition metal porphyrins and phtalocyanins
adsorbed onto carbon blacks. [92, 94, 95, 106–111] The heat treatment was conducted
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under an inert atmosphere of N2, He or Ar or under vacuum at temperatures between
300 °C and 1000 °C. An optimum temperature range of 600°C to 800 °C was established
for these precursors. [96, 106]
Figure 1.17: Increase in (a) ORR activity and (b) stability of diﬀerent metal-
macrocycles adsorbed onto Norit carbon black after heat treatment [Taken with per-
mission from Ref. [107]]
Figure 1.17 (a) shows the general trend of increasing the activity of diﬀerently substituted
metallo-porphyrins and -phthalocyanins adsorbed onto carbon black upon heat treatment.
It can also be seen in Figure 1.17 (b) that a higher temperature yields a material with
higher stability. [96] It was established that the order of activity for the 3d metal centres is:
Fe > Co > Ni ∼= Mn. [96] Although the activity could be increased, it was still insuﬃcient
to be considered a viable alternative to Pt in fuel cells. An additional major problem
was the complex synthesis of these macrocycles, oﬀsetting the price beneﬁt over Pt due
to the low cost of the precursors. [112] It is proposed that the macrocycle might retain its
nitrogen coordination to the metal centre and therefore the activity stems from the metal
center as it does for the non-heat treatet material. [113–115] Gupta et al. reported the ﬁrst
synthesis of heat treated M-N/C catalysts with a non-macro-cyclic precursor, utilising a
simple metal salt of Fe(II) or Co(II) and poly-acrylonitrile on carbon black. [116] This
showed that a macrocycle was not necessary in order to form highly active materials upon
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heat treatment and opened the way for the development of heat treated M-N/C catalysts
prepared with a wide range of diﬀerent nitrogen and metal precursors. [96, 117] Therefore
the synthesis of ORR catalysts at a signiﬁcantly lower cost as compared to the macrocycles
is possible. Further research established that virtually any mixture of nitrogen precursor
and metal salt will yield a material with some ORR activity. [96, 117] However, the
ﬁnal activity and stability strongly depends on the choice of precursors and synthesis
conditions, e.g. temperature, duration, heating rate and gas atmosphere. [117] Generally
the synthesis of highly active M-N/C materials is divided into 3 major groups [96, 117]:
(1) catalysts from precursors based on transition metal macrocycles; (2) catalysts derived
from high surface area carbon in the presence of a metal salt and a gaseous nitrogen
precursor, e.g. NH3; (3) catalysts prepared from a metal salt and nitrogen containing
molecules, either in the presence of carbon black or a leachable template, such as SiO2
nanoparticles. Although an N4-containing precursor is not crucial to obtain highly active
catalysts, a nitrogen source is. [96, 117] A wide variety of nitrogen precursors have been
used to prepare NPMCs. [96, 117]
Figure 1.18: General structure of diﬀerent precursors used for the incorporation of ni-
trogen groups into M-N/C catalysts (top) small N-containing molecules (a) acetonitrile
(b) cyanamide (c) aliphatic terminal diamines (middle) aromatic N-containing com-
pounds d) perylene-tetracarboxylic dianhydride in combination with gaseous NH3 e)
1,10-phenantroline (bottom) polymeric precursors f) polynitroaniline g) polyaniline
Figure 1.18 shows some typical examples of nitrogen containing molecules used as nitro-
gen source to prepare M-N/C catalysts. [96, 117] They can be subdivided into i) small
molecules ((a) - (c)) ii) aromatic compounds ((d) and (e)) and iii) polymerised compounds
((f) and (g)). [96, 117] The right combination of precursors and heat treatment regimen
can lead to a high surface area material with high conductivity, chemical resistance and
high ORR activity. [96, 117] Most publication focus on Fe and Co as the metal source,
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as these have shown to yield the most active materials. [96, 117] Although early appli-
cations in working PEMFC single cells showed a low activity as compared to Pt [118],
successive optimisation resulted in materials whith promising potential. [62, 117, 119–121]
Notably the work of the Dodelet and the Los Alamos National Laboratory (LANL) groups
pioneered the development of these materials. [62, 117–121] Examples of highly active cat-
alysts with promising performance in PEMFCs were prepared by i) the polymerisation
of aniline over carbon black, in the presence of a mixture of an Fe and/or Co salt and
successive heat treatment at 900 °C under Ar (LANL) [120] ii) the ball milling of carbon
black with a mixture of 1,10-phenanotroline and iron-acetate, heat treated under an at-
mosphere of Ar and/or NH3 (Dodelet) and lately [62] iii) the pyrolysis of iron-acetate and
1,10-phenantroline and a microporous metal organic framework as template, e.g. ZIF-8
(Dodelet). [119] Usually the catalysts are reﬂuxed in a solution of acid after heat treat-
ment, e.g. 0.5M H2SO4, in order to remove unreacted metal residues. A second heat
treatment after this acid leaching step has shown to improve the activity. [117]
Figure 1.19: (a) Polarization curves for MEAs comprising a cathode made with Fe-
ZIF8-derived catalyst (blue stars) and Fe-N/C from Lefvre et al. [62] (red circles). For
comparison, the polarization curve of an MEA made with a state-of-the-art Pt-based
cathode with a loading of 0.3 mgPt cm
2 (green squares). (b) Power density curves cor-
responding to polarization curves shown in a. For the two MEAs made with iron-based
cathodes, the catalyst loading was 3.9 mg cm2. [Taken and adapted with permission
from Ref. [119]]
Figure 1.19 shows the single fuel cell performance, comparing a state of the art Pt/C
catalyst to a newly developed Fe-N/C catalyst which was prepared via the decomposition
of iron-acetate and 1,10-phenantroline over ZIF-8 and to an older Fe-N/C variant of
the Dodelet group, which was prepared with the same metal and nitrogen source, but
with carbon black as a support. [119] The increased activity is attributed to the higher
surface area which then leads to a larger amount of active sites accessible. [119] Although
the performance looks promising, the loading of the M-N/C catalyst in this study is 10
times higher than typically used for Pt (4 mg cm-2 versus 0.4 mg cm-2). The argument
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is the negligible price, which in theory allows a much higher loading. [38] However, as
discussed in 1.5, considerations of electrode volume need to be taken into account, as
mass transport eﬀects will be detrimental at a certain electrode thickness, especially as
lower concentrations of oxygen are used, such as the 23% present in air. The use of a
signiﬁcantly higher loading in M-N/C material results in a signiﬁcantly higher thickness
as compared to Pt based materials of 100 μm to 10 μm, respectively. The implementation
of this material in single cells and associated challenges will be discussed in Chapter 8.
To establish structure-property relationships on this type of material is challenging, as
the parameters that inﬂuence the activity are multidimensional and varying a parameter
such as the precursor ratio might change several properties such as surface area, degree of
graphitization, accessible surface active sites etc. [117] Some general trends that emerged
from studies vary certain properies while trying to keep other conditions constant are as
follows [117]:
• the activity increases with an increase in heat treatment temperature for the same
precursor up to 900 - 1000 °C and decreases thereafter. [120]
• the peroxide yield decreases with a higher BET surface area. [120]
• a transition metal ion, even in trace amounts increases the activity signiﬁcantly. [122,
123]
• increasing the metal content in the precursors increases the activity to a certain
level of ∼0.5 wt%, levelling at higher concentrations and then dropping at very high
concentrations ∼10 wt%. [114, 124]
• a higher proportion of micropores in the same material leads to a higher activ-
ity. [125]
• a higher BET surface area in the same material leads to a higher activity. [117]
• acid leaching and subsequent second heat treatment increases the activity and sta-
bility. [117]
• there is a trade-oﬀ between stability and high activity, as a second heat treatment
step in NH3 increases the activity. However, this increased activity has a lower
stability. [117]
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• there seems to be a correlation with the content of certain nitrogen functionalities,
such as pyridinic and quarternary, and the catalytic activity. [126]
• the activity increases with the duration, the material is held at the optimal tem-
perature until it levels oﬀ after around 40 - 60 min. This is presumably when the
activity forming reactions is completed. [127]
• Fe seems to produce the most active catalysts among the 3d metals. [45, 117]
1.7.4 The controversial role of the metal center.
The following discussion is restricted to Fe and Co containing materials, as those are the
most active species of this type and the subject of most studies. [45] In order to further
improve M-N/C materials, information on the origin of the catalytic activity is crucial.
While in model compounds such as non-heat-treated metal macrocycles, it is likely that
the active site is the metal centre, the picture is more ambiguous in the heat treated
material. [63] Early hypotheses proposed that the active site is also the metal centre
which becomes more active and stable due to improved interactions with the carbon
support. [107, 113]
Figure 1.20: Proposed reaction steps of a porphyrin with the carbon support upon
heat treatment. [Reproduced after Ref. [113]]
It has been suggested that the heat treatment cleaves certain bonds in the macrocy-
cle, which is then incorporated into the carbon framework, while the metal coordination
and mode of activity is retained (Figure 1.20). [107, 113] However, when other nitrogen
precursors are used, it is not clear as to how the nitrogen atoms directly coordinate to
the metal centre and form a similar structure after heat treatment. The pyrolysis of or-
ganic material in an inert atmosphere results in the loss of water, dehydrogenation due to
bond scission, the formation of radicals and at higher temperature carbonisation. [128–
130] When nitrogen atoms are present in the precursor, those will be incorporated into
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the carbon lattice. [130] Pels et al. performed an in depth analysis of this process and
showed that X-ray photoelectron spectroscopy (XPS) can be used to identify diﬀerent
nitrogen functionalities in heat treated carbon samples. [130] The nitrogen 1s peak can
be deconvoluted to estimate the relative content of these diﬀerent species. [130]
Figure 1.21: Diﬀerent nitrogen functionalities found in heat treated nitrogen doped
amorphous carbon. [130]
Figure 1.21 shows the most abundant nitrogen groups present in heat treated nitrogen
containing carbon. [130] While the nitrogen of quarternary and pyridinic-N-oxide do not
have free lone pairs to coordinate to metal centres, the pyridinic and pyrrolic do. [130]
Diﬀerent models for the active site emerged; 1) the metal centre in materials which have
non-macrocyclic N-precursors is the active site C–Nx –Me and forms a similar structure
to the one observed for the macrocycles [118, 122, 123, 125, 127, 131–152] 2) the metal
centre is not the active centre, but might catalyse the formation of catalytically active ni-
trogen moieties CNx . Therefore the active site is devoid of a metal. [124, 126, 153–197] 3)
Nanoparticles or nanoclusters of a metal, metaloxide, metalcarbide or metalnitride form,
which are encapsulated with few layers of carbon and these are active surfaces. [198–208]
The hypothesis of a metal centre as active site has been proposed when the ﬁrst
materials were prepared. Yeager et al. speculated that the metal will form particles upon
heat treatment, which then dissolve when contacted with the acidic electrolyte. The metal
ions will then redeposit and are coordinated by nitrogen atoms in the carbon lattice to
serve as active sites. [209] However, this model has been refuted, as a material that is
only doped with nitrogen and exposed to iron ions in order to emulate this coordination
is signiﬁcantly less active. [127] After a heat treatment however the activity matches the
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sample with the metal in the initial precursor. [127] This shows that the active site needs
a high temperature step in order to form. Dodelet and coworkers were proponents of a
metal centred active site. [125, 127, 134–136, 140, 141] Time-of-ﬂight secondary ion mass
spectrometry (ToF-SIMS) on these materials showed that 2 fragments were abundant.
The FeN2C4
+ ion which was assigned to a FeN2/C site was by far the most abundant
fragment detected (∼ 80% relative abundance). [141, 210] The studies concluded that the
nitrogen atoms in this type of site were of pyridinic character. [141, 210] A second set
of ions were assigned to a FeN4/C site (∼20% relative abundance), where the nitrogen
atoms, according to the study are of pyrollic character. The catalytic activity seems to be
correlated with the amount of those species. [141, 210] From these studies and the obser-
vation that a higher microporosity leads to a higher activity, a model has been proposed
that suggests at least 2 types of active sites which are simultaneously present. [141, 210]
Figure 1.22: Proposed structure of an active iron site coordinated with pyridinic nitro-
gen groups a) hosted in a micropore [211] and b) embedded in the carbon framework [152]
i) an iron centre which is coordinated with 4 pyrrolic nitrogen atoms assigned to the
FeN4/C site, as shown in Figure 1.20 ii) an iron centre which is hosted in the micropore
of the amorphous carbon lattice. The proposed site is formed in the slit of a micropore
and coordinated by pyridinic nitrogen atoms in phenantrolic like arrangement and labelled
FeN2+2/C (Figure 1.22 (a)). [141, 210, 211] Additionally, active sites were proposed which
are coordinated by pyridinic nitrogen and completely embedded into the carbon lattice
(Figure 1.22). [152]
Utilising Mo¨ssbaur spectroscopy, the work of Kramm et. al revealed the possible existence
of several electronically diﬀerent FeN4 sites. [131, 139, 140] This has been achieved by de-
convolution of the iron signal into the respective multipletts, which are observed for the
diﬀerent spin-states on well deﬁned metal complexes and pure materials such as iron par-
ticles. [131, 139, 140] Six signal were detected and assigned to 5 species. [140] Figure 1.23
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Figure 1.23: a) Side view of the diﬀerent proposed FeN4 centres as extracted from
Mo¨ssbauer spectroscopy b) electronic conﬁguration of the respective species. [Repro-
duced after Ref. [140]]
shows the species assigned to atomic iron signals (a) and the corresponding electronic
conﬁguration (b). [140] i) doublet D1 was assigned to a low spin (S=0) FeIIN4/C species
and suggested to be the site coordinated by the pyrrolic nitrogen groups (Figure 1.20),
ii) doublet D2, to an intermediate spin (S=1) FeN2+2/C species which is proposed to be
one species to be hosted in the micropores, and iii) D3, the high spin state (S=2) is also
assigned to the FeN2+2/C species in the micropore. The diﬀerence however is that it
is coordinated by a ﬁfth nitrogen species from a graphene sheet below and has another
nitrogen group in its vicinity, which can be protonated. (see Figure 1.23). [140] It has
been speculated that species D1 and D3 are ORR active, with D3 having a signiﬁcantly
higher turnover frequency (TOF) that depends upon protonation of the proximal nitro-
gen group. [140] D2 is assumed to be ORR inactive, due to the ﬁlled dz2 orbital and the
resulting inability to interact with the oxygen π* orbital (see Figure 1.14). [140] It seems
that the catalytic activity correlates well with the amount of D1 and D3 centres. The
higher the content, the higher the activity. [140] Further evidence for atomic iron centres,
coordinated with nitrogen, has been provided with X-ray absorption spectroscopies, such
as Extended X-Ray Absorption Fine Structure (EXAFS) and XANES. [212] High resolu-
tion microscopy such as high resolution scanning tunnelling electron microscopy (STEM)
in combination with electron energy loss spectroscopy (EELS) found iron sites in some
materials. [142] Poisoning experiments that have been conducted, mostly in alkaline, are
discussed in the relevant section 4.2.1. Some poisons that would interact with iron such
as cyanide do indeed decrease the activity of heat treated Fe-N/C catalysts. [147] Further
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evidence for the presences of catalytically active metallic sites is the H2O2 decomposition
behaviour. [136] Jaouen et. al. and later Masa et al. showed that 3 d transition metals that
signiﬁcantly enhance the catalytic activity in acid are Cr, Mn, Co and Fe. [122, 123, 136]
The metal free CNx model was proposed by Wiesener et al. [90, 213] and then further
developed by Ozkan, Popov and others. [124, 126, 153–197] The main reasons that cast
doubt on the role of the metal are i) non-precious metals are not thermodynamically sta-
ble under the acidic and oxidising conditions these materials are subjected to and should
dissolve, [214] ii) typical poisons that usually strongly interact with iron centres, such as
CO and H2S, leave these catalysts completely unaﬀected, [158, 191] iii) completely metal
free CNx materials exhibit a signiﬁcant ORR activity above the carbon baseline in acid
and an excellent ORR activity in alkaline. [171, 215] It is without any doubt that even
trace amounts of Fe or Co signiﬁcantly increase the activity of (M)-N/C materials under
acidic conditions. [122] Therefore it was argued that these metals catalyse the incorpora-
tion of active nitrogen groups into the carbon framework. [90, 178] An intriguing study by
Birry et al. showed with pyrolysed iron macrocyles on carbon as Fe-N/C catalysts that
when saturating the solution with carbon monoxide after running the ORR in O2 satu-
rated solution and then resaturating the solution with O2 again, the activity is instantly
recovered. [158] However, a poisoning eﬀect would be expected if an iron centre similar
to heme-like complexes was present. Interestingly the authors line of argument is still in
favour of a metal centreed active site, as the same experiment repeated with unpyrolysed
samples (where the metal centre is most likely the active site) according to the authors
also does not result in poisoning. [158] This leads to the conclusion, that although the
metal is not poisoned, it would not be aﬀected, as shown with the intact metal com-
plex. [158] However, the data provided in the manuscript clearly show an eﬀect of CO on
the unpyrolysed samples (see Figure 2 in Ref. [158]). Before the poisoning step a current
of 4 and 5 mA cm-2 for the tested samples is achieved, after the poisoning, the current
density is decreased by almost half. Given that the potential at which the current is mea-
sured during this poisoning regimen, which lies in the mass transport limiting region, this
indicates that the macrocycles are signiﬁcantly poisoned. [158] A full polarisation curve
would yield more information. This study should therefore be evidence against a metal
centred active site. [158] Nevertheless, it is well known from enzymes, that the chemical
environment strongly aﬀects the aﬃnity of the metal centre to certain substrates. [216]
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The pyrolysed sample might simply have a higher aﬃnity to O2 rather than CO.
Figure 1.24: Proposed mode of deactivation of active nitrogen sites under acidic con-
ditions after Ref. [168]
The lower activity of CNx material in acid as compared to alkaline conditions has been
ascribed to the protonation of catalytically active nitrogen species, as shown in Fig-
ure 1.24. [168] However, comparing ORR activities in alkaline and acid should be taken
with care, as the ORR is kinetically more facile under alkaline conditions. [145] It is highly
likely that diﬀerent mechanisms are present under acidic versus alkaline conditions. [145]
This means, that even if metal free materials can show a signiﬁcanlty higher activity
under alkaline conditions, this is not necessarily indicative of the active site present in
alkaline. Dodelet compared the activity of metal free C/N material under acidic condi-
tions reported in literature and concluded that the most active materials showed an onset
potential5 of ∼0.75V vs RHE. [63] When it is claimed that a metal free catalyst has been
synthesised, it has to be analysed for trace metal contamination, as it has been shown by
Masa et al. that even low amounts of metal impurities can enhance the catalytic activ-
ity. [122, 123] Therefore in order to study the metal free active site under acidic conditions,
the choice of precursors and reaction conditions has to be chosen in order to avoid any
metal contamination. A recent publication, where utmost care was taken to avoid any
contamination with trace metals arrives at an onset potential of ∼0.85 V vs RHE. [217]
However, the activity of this catalyst is signiﬁcantly below metal containing materials and
to date, there is no report in literature where a material has been prepared and analysed
to ensure no metal contamination, which achieves an appreciable current at >0.75 V vs
RHE in acidic electrolyte. The authors conclude that although metal centred active sites
are more active under high potentials, the metal free sites can contribute signiﬁcantly to
the activity at lower potentials. [217] The active site in acid on nitrogen doped carbon has
recently been studied in depth with model surfaces prepared by N+ ion beam etching of
5The deﬁnition of onset potential has been taken from Ref. [63]. It is the extrapolation to zero current
at the ﬁrst inﬂection point during a cathodic scan.
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highly oriented pyrolytic graphite (HOPG). [163] A combination of x-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM) and electrochemical characterisa-
tion led to the conclusion that carbon atoms next to the pyridinic N were the active sites,
where O2 would adsorb. [163] This is in line with computational studies, which suggest
a similar active site. [218, 219] A change in charge and spin distribution of the electronic
structure upon N doping has been suggested as source of the catalytic activity. [218] At
the time of preparing this work it may be concluded that with the presently available
synthesis techniques, a metal is required in order to achieve a signiﬁcant activity at high
potentials. Typical onset potentials for Fe-N/C materials range in the order of 0.9 to
1.0 V vs RHE. [45, 63] Nevertheless, it is striking that even in acid, heteroatom doping
increases the activity and 4 electron selectivity of the material. [63] For fuel cell applica-
tions, a highly active and metal free material would be more desirable than a transition
metal containing one, as metal ions such as Fe induce the decomposition of trace amounts
of peroxide to form highly aggressive hydroxyl radicals, which are detrimental for the
durability of the system. [220]
Metal containing nanoparticulate phases have also been found in heat treated ma-
terials. Under certain conditions a signiﬁcant amount of nanoparticulate phases can
form. [198–208] It has been proposed that these phases, which are encapsulated with
carbon and therefore stable under oxidising and acidic conditions, serve as active sur-
faces. [198–208] If present in the material, these phases can typically be easily identiﬁed
through high resolution transmission electron microscopy (TEM) or powder x-ray diﬀrac-
tion (XRD). [198–208]
Figure 1.25 (a) shows a synthetic route to a material which contains a signiﬁcant amount
of particulate phases. The particulate phases are visible as dark spots in the TEM images
in Figure 1.25 (c) - (e). [221] The lattice spacing can be used to determine the identity of
the respective phase (Figure 1.25). [221] Recently a study by Strickland et al. claimed to
have produced a material which exclusively contains iron sites that are not coordinated
with nitrogen and have a high activity. [205] The study claims to have removed the
nitrogen coordination by tweaking the synthesis conditions. This interesting result is
concluded from Mo¨ssbauer, EXAFS and XANES measurements. [205] The source of the
activity is ascribed to iron clusters, encapsulated or coordinated with nitrogen doped
carbon. [205] It is suggested that the encapsulated iron particle exhibits synergistic eﬀects
on the nitrogen doped carbon and hence enhanced the catalytic activity. This is therefore
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Figure 1.25: a) synthetic route to a Fe-N/C catalyst rich in Fe3C nano-particulate
phases, which are encapsulated with carbon. b) SEM micrograph of the material. c)
- e) TEM images, showing the Fe3C particles as dark spots. e) identiﬁcation of Fe3C
and graphite through lattice spacing analysis [Reprinted with permission from Ref. [221].
Copyright 2015 American Chemical Society.].
in support of a metal free active site, where the metal inﬂuences the activity through
remote interactions. [205] The selective removal of Fe–N4 by Cl2 has been reported by
Varnell et al. [222] The study concludes that heat treatment under Cl2 and then under H2
results in a material exclusively with iron particulate phases, which are encapsulated with
carbon. [222] Chlorine treatment ﬁrst decreases the activity signiﬁcantly and the hydrogen
treatment step recovers the activity to the initial state. The authors claim the complete
removal of Fe–N4 species and the selective formation of encapsulated nanoparticles after
the treatment regimen. [222] They suggest that the donation of electron density into the
surrounding carbon surface by the metal is the source of the increased activity. [222]
However, the eﬀect of nitrogen on this type of activity remains unexplained, as a materiel
without nitrogen but with similar iron species, but present as signiﬁcantly larger particles,
is signiﬁcantly less active. [222] It is interesting to note that in contrast to this study,
Chapter 1: Introduction 75
Kramm et al. claimed to have produced a material which contains exclusively Fe–N4
sites. [223] The material shows an increased activity as compared to a similar material
which contains both phases. [223] The conclusions in both publications are mainly based
on Mo¨ssbauer spectroscopy results. [222, 223]
It is likely that the activity in a heat treated material contains various diﬀerent types of
the above described active sites. It is desirable to identify the most active, stable and
selective site and aim the synthesis at preferably forming these with a high density or
even derive a bottom up synthesis. Synergistic eﬀects of the diﬀerent moieties have been
suggested which would complicate the isolation of speciﬁc active sites. [224]
1.7.5 Mechanistic proposals on and stability of Fe sites
Mechanistic investigations focused mainly on Fe-N/C materials as those seem to be the
most active among the 3d transition metal variants. [45] A notable result was the obser-
vation of Herranz et al., that the activity of an Fe-N/C material is decreased when cycling
in an electrolyte which contains coordinating anions (i.e. SO4
2– ). [225] The activity can
be regenerated when the catalyst is heated at mild temperatures (∼300°C) and reversibly
decreases when cycled in the presence of the anions again. [225] The activity could also be
regenerated by treatment with OH– . [225] The authors attribute the eﬀect to the binding
of anions (e.g. SO4
2– ) to a protonated nitrogen group in the vicinity of the active site, thus
decreasing the turnover frequency of the respective site. [225] This implies that a proton
transfer is either directly or indirectly involved in the rate determining step. Some in-situ
XANES studies have been performed. [212, 226, 227] Based on these results, it was sug-
gested that the activity is linked to the Fe2+/Fe3+ redox transition.[144, 212, 226, 227] It
was furthermore claimed that upon potenital cycling an out-of plane switching behaviour
can be observed, where the out-of plane species can bind oxygen and will become ORR
active. [226, 227] Ramaswamy et al. investigated the inﬂuence of the carbon support on
the activity of the hypothesised Fe–N4 sites. [144] It was found that a higher basicity of
the support leads to increased activity. [144] The results were correlated with a redox peak
in the material, which was attributed to the Fe2+/Fe3+ transition. [144] The same peak
has been attributed to this transition earlier by Chlistunoﬀ. [228] Mechanistic suggestions
based on similar studies proposed the existence of diﬀerent sites, where site A catalyses
the reduction of O2 to H2O2 and a second site B the reduction of H2O2 to H2O. [212, 229]
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A 2+2 mechanism is supported by the observation that a thinner catalyst layer of these
materials usually increases the amount of peroxide detected with the rotating ring disk
electrode method (RRDE) (see 2.1.1). [229] The conclusion is that the 2+2 pathway is the
predominant pathway on Fe-N/C sites in acid, with the possibility of the involvement of 2
distinctly diﬀerent sites. [212, 229] On the other hand it was concluded that in alkaline the
direct 4 electron pathway is occurring. [145] However, studies in alkaline are challenging,
due to the increased kinetic facility of the ORR under these conditions. [145] Diﬀerent
surfaces and even carbon exhibit a signiﬁcant catalytic activity, making the isolation of
diﬀerent contributions to the mechanism diﬃcult. [145] Some studies attribute the higher
activity of the ORR in alkaline to the thermodynamically higher stability of the superox-
ide (O–2 ) intermediate, claiming the possibility of an outer sphere ﬁrst electron transfer
as part of the mechanism. [145]
The operational stability of Fe-N/C materials is a major concern for the application
in PEMFCs. [45] Some materials show an impressive initial activity which decays rapidly
upon continuous operation. [45] Additionally to degradation, this has been attributed to
ﬂooding of the porous structure, thus hampering mass transport. [45] Seemingly there are
active sites which are more prone to degradation than others. A second heat treatment
in ammonia for instance has been shown to improve the activity of the catalyst. This
improvement however seems to be less stable than the activity which was achieved be-
fore. [63] In situ investigations of the stability have recently been conducted by Choi et
al., utilising a combination of diﬀerential electrochemical mass spectrometry (DEMS) for
detection of CO and CO2 decomposition products and inductively coupled plasma optical
emission spectrometry (ICP-OEP) for metal detection. [230] The conclusion is that the
catalyst can operate stable in the potential range between 0.6 and 0.9 V vs RHE. Above
this potential carbon corrosion will occur, eventually degrading the activity. Below this
potential iron demetallation as Fe2+ will occur, which is detrimental in various ways i) it
will react with peroxide to form highly aggressive hydroxyl species (Fenton reaction) ii)
it will bind to the anionic sulphonic acid groups in the Naﬁon® membrane, thus block-
ing eﬃcient proton transport iii) it will be lost form the active sites of the catalyst thus
decreasing the overall activity. [230] In a follow-up study Choi et al. found that some
demettalation can be prevented by reductively removing inactive iron species. [227]
The majority of literature released between 2013 - 2016 supports the hypothesis of a metal
centred active site or takes this hypothesis as the premise for the interpretation of the
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observations.[212, 226, 227, 229–234]
1.7.6 State of the art activities
The highest performing M-N/C materials developed to date can achieve activities, which
are close to Pt based cells, where the Pt loading is signiﬁcantly lower (∼10 times) and
only under certain conditions, i.e. high partial pressure of (pure) oxygen, balanced water
vapour and with lower stability. [119, 121] Typical cathode loadings for M-N/C catalysts
are between 2 and 4 mg cm−2. [119, 121]
Table 1.1: Metrics of a selection of high performing M-N/C catalysts from literature.
Pmax
[W cm-2]
Reactants
Bp.*
[kPagauge]
j(@0.8V)†
[mA cm-2]
Type‡ Ref.
0.64 H2/O2 100 ∼100 Fe-MOF [235]
0.56 H2/O2 170 120 Fe-Si [236]
0.62 H2/O2 150 ∼100 Fe-MOF [237]
0.60 H2/O2 100 221 Fe-MOF [238]
0.53 H2/O2 200 n/a FeCo-C [179]
0.55 H2/O2 180 ∼100 FeCo-N/C [120]
0.91 H2/O2 50 n/a Fe-MOF [119]
0.60 H2/O2 n/a n/a Fe-N/C [239]
0.90 H2/O2 100 ∼220 Fe-MOF [121]
0.94 H2/O2 100 n/a Fe-N/C [240]
1.03 H2/O2 200 n/a Fe-N/C [240]
0.25 H2/Air n/a n/a Fe-N/C [241]
0.30 H2/Air 0 n/a Fe-MOF [242]
0.32 H2/Air 0 n/a Fe-N/C [239]
0.41 H2/Air n/a n/a Fe-N/C [243]
* Bp. = backpressure
† Some publications report iR-free values and some uncorrected. Where j is approxi-
mated (∼), it has been visually extracted from the Tafel -plots. n/a (not available)
means that no value was given and no Tafel -plot was provided to extract i.
‡ The type is classiﬁed as follows: M-Support, where M is the metal used in the
synthesis and support can either be a metal organic framework (MOF), carbon black
(N/C) or a silica template (Si)
Table 1.1 shows a selection of some high performing M-N/C catalysts when tested in
PEMFCs. Due to the large amount of publications only peak power densities above 0.5
W cm-2 for H2/O2 operation and 0.25 W cm
-2 for H2/Air operation were considered.
Comparison of single cell results are diﬃcult, as various factors other than the kinetic
activity inﬂuence the performance. These can be ionomer content in the catalyst layer,
deposition technique of the catalyst layer, operating conditions, internal cell resistances
and mass transport losses. From the values presented in Table 1.1, it can be seen that
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some materials which are based on MOFs show a signiﬁcantly higher peak power. Es-
pecially the reports by Prioetti et al. [119], Shui et al. [121] and Wang et al. [240] show
activities which come close to 1 W cm-2 under the utilised conditions. The ﬁrst 2 studies
report volumetric power densities of 230 A cm-3 [119], 450 A cm-3 [121], respectively. This
impressive performance comes closes and even surpasses the DoE target of 300 A cm-3.
However, the values are not truly measured under the recommended condition, but i)
converted from measurements at high oxygen partial pressure and ii) extrapolated from
the iR corrected linear region in the Tafel plots, assuming that the Tafel slope stays con-
stant. These assumptions do not necessarily hold true and an activity which was actually
measured under the correct conditions and reaches the target has not been reported yet.
An additional problem is that this high activity quickly degrades to moderate values after
few cycles.
1.7.7 Major gaps in the understanding of NPMCs
Although tremendous eﬀort has been dedicated, the true nature of the active site(s) re-
mains elusive. This is for instance, if the metal was the active site, the active site density
in the carbon matrix is relatively low. Therefore the application of spectroscopic tech-
niques to gain information on the active site is limited. Furthermore are most experiments
with techniques such as Mo¨ssbauer, EXAFS or XANES are performed ex-situ and hence
no true correlation to the activity is possible. The high complexity of the material make
the identiﬁcation of trends challenging.
Mechanistic insight into this material is limited. Many studies are concerned with the
structure of the active site, but few studies oﬀer mechanistic insight. [244, 245] Com-
putational studies exist. [244, 245] However, modelling electrochemical reactions solely
by ab initio methods is challenging, as the complex double layer structure can only be
approximated to date, and the role of water is typically ignored. [244–246] Although
progress has been made recently and with the development of more powerful computers,
it is expected that calculations will get more accurate, experimental verﬁcation is still
necessary. [246, 247]
A further diﬃculty in developing a rational structure-property relationship is the lack
of a method to determine the intrinsic activity of this type of material. For Pt based
catalyst, this can be achieved by normalising to the electrochemically active surface area
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(ECSA), which is determined either via the hydrogen adsorption/desorption features or
CO stripping. The featureless cyclic voltammetry, large capacitive background and the
lack of an active site probe make this impossible for NPMCs (but see Chapter 6). This
makes it diﬃcult to assess what eﬀect a change in synthesis conditions has on the active site
density and/or turnover frequency. Therefore it is also challenging to compare materials
developed in diﬀerent laboratories.
It is proposed that due to the low price a higher loading at the cathode can be used to
overcome this. With the typically reported loading for M-N/C catalysts, the cathode
catalyst layer is up to 100 μm thick, versus the currently used 10 μm thick layer for Pt/C
catalysts. This introduces mass transport and water management issues. The inﬂuence of
certain parameters of the catalyst layers on the performance is not well understood and
it is not clear whether losses are due to the poor kinetics or other parameters related to
ion conductivity, water management and/or mass transport of reactants.
The stability of this materials is insuﬃcient at the moment and no clear strategy on how
to increase the stability has been reported, additionally to the one mentioned above.
Finally if the diﬀerent types of active sites were unambiguously identiﬁed, the question
would be how to synthesise them with the necessary degree of stability and density, in
order to meet the performance targets.
1.8 Proposal and structure of the thesis
This work aims to provide new insight into the behaviour of the active site, and factors
that govern the activity of M-N/C materials, both for fundamental studies in a 3-electrode
aqueous electrochemical cell under deﬁned mass transport and in an operating single cell.
In order to achieve this a number of sub-goals are required:
Synthesis of a model system: In order to draw far reaching conclusions, it is necessary
to ﬁnd a material which resembles the key features of a wide range of M-N/C materials
reported in literature, such as highly dispersed metal in a conductive nitrogen doped
carbon framework. A simpler synthesis where complexity is removed might enable the
establishment of trends. This can be achieved by removing the carbon support from the
synthesis, selecting a suitable precursor. Utilising various characterisation techniques,
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such as XPS, nitrogen adsorption analysis, TEM, STEM, EDX, XRF and EPR will verify
that the material produced is representative of other Fe-N/C materials reported and new
insight is expected.
Once such a material is found it can be assessed, in a controlled manner, under a variation
of external conditions, to generate fundamental insight into the active site:
One key question to answer is on the role of the metal centre; if the metal centre is the
active site, does this site, in terms of aﬃnity, reactivity and reaction mechanism, behave
similarly to known model complexes, such as metal porphyrins?
To answer this question, experiments will be conducted, where the catalyst is subjected
to various chemical environments. Molecules that usually act as poisons on transition
metals, e.g. Cl– and NOx , will be used to probe eventual interactions with the active site.
The aﬃnity of oxygen to the catalyst will be investigated via temperature programmed
desorption (TPD). Variation of pH and the hydrogen/deuterium eﬀect will be investigated
in order to gain further mechanistic insight.
Once a suitable probe is found, can the reactivity with this probe provide further insight?
This can be achieved by conducting a series of experiments in the rotating disk electrode
(RDE) setup, where the catalyst and probe, i.e. nitrite and nitric oxide, is subjected to
treatment regimes, e.g. acid and alkaline, and the outcome in terms of performance is
assessed. This might allow to draw analogies to known model systems.
How can the intrinsic activity be determined?
A stripping technique will be developed, analogous to CO stripping on Pt, in order to
determine the activity and density of active sites. This will allow the cross comparison of
catalysts developed in diﬀerent labs.
What other evidence can be found to verify the existence of chemically active atomic iron
sites?
In order to ﬁnd evidence for a metal centred active site, the catalyst will be used to
catalyse the epoxidation reaction, which is also catalysed by metal macrocyclic complexes.
Reaction conditions will be varied and implications for the active site will be sought.
How are ion conductivity, mass transport and activity translated to MEA level?
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Impedance spectroscopy will be used to uncover information about the catalyst behaviour
within a single cell. Insights are expected which highlight the challenges of thick catalyst
layers.
The thesis is structured such that the following chapter will provide a short overview
on the background of the experimental techniques used during the study, with suﬃcient
depth so that the educated reader can follow the work without referring to additional
literature. Following that, the results of the above proposed parts will be presented and
discussed. It is the aim that each chapter constitutes a concluded body of work. Where
experimental techniques were used speciﬁc to a chapter the will be explained therein.
Finally the results will be concluded as a whole in a separate chapter and suggestions for
future investigations will be given.
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An overview on the background of the experimental techniques used is provided. It is by
no means an extensive treatment and the reader is referred to the referenced literature
instead. The detail of each section is based on the importance of the respective technique
to this work. The chapter is included in order to allow the reader to follow the thesis
without the need to refer to external resources.
Chapter 2
Experimental Techniques
2.1 Electrochemical Techniques
2.1.1 Rotating Ring Disk Electrode
The Rotating Disk Electrode (RDE) and its extension, the Rotating Ring Disk Electrode
(RRDE) are widely used for evaluating the electrocatalytic activity and H2O selectivity of
ORR catalysts for PEMFCs. It allows for the screening of catalysts under quasi fuel cell
conditions i.e. constant reactant ﬂux and steady state. Information that can be obtained
include kinetic parameters such as the rate constant of the reaction, electron transfer
number and symmetry factor [1–3]. It is the main tool of catalyst evaluation in this work.
The RDE is used in a conventional three electrode set-up, with a reference electrode,
counter electrode and the disk of the RDE as working electrode. In case of RRDE the
ring serves as second working electrode. It is therefore a four electrode setup. For all
RDE/RRDE experiments in this work a three compartment electrochemical cell was used.
Figure 2.1 (a) shows a schematic of the assembly. All compartments are ﬁlled with
electrolyte. The main compartment is occupied by the RRDE in the centre. The reference
electrode utilizes a separate compartment which is connected to the main compartment via
110
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Figure 2.1: (a) 3-compartment electrochemical cell with equipment. (b) Cross section
of the RDDE. (c) Block diagram of the setup.
a Luggin-Haber -capillary. This oﬀers a distinct sensing point for the reference electrode
[2]. It is important to maintain the capillary in close distance to the working electrode
to minimize the uncompensated solution resistance Ru. However a minimal separation
has to be kept in order to avoid signiﬁcant current disturbance. A distance of 2.5 times
the diameter of the capillary is considered appropriate. [2] The counter electrode (glassy
carbon rod) is situated in another compartment and separated by a porous frit. This
serves the purpose of preventing electrochemically active species formed at the counter
electrode from contaminating the main compartment and interfering with the reactions
at the working electrodes. Additionally the main compartment is equipped with a gas
bubbler to purge the electrolyte, i.e. with nitrogen or oxygen. The lid ensures the
saturation of the solution with the respective gas and prevents the diﬀusion of atmospheric
gases into the cell.
The RRDE (Figure 2.1 (b)) consists of a glassy carbon disk and a gold ring embedded in
a cylindrical polytetraﬂuorethylen (PTFE) holder. The holder is connected via a rod to
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a rotator which can apply a deﬁned rotating speed. Electrical connection to the working
electrodes is established through brush contacts. Figure 2.1 (c) shows a block diagram of
the setup. A bipotentiostat controls the potential of the working electrodes and collects
the currents (i1 and i2).
Processes by which reactants are transported to the electrode surface are usually diﬀusion,
convection and migration (for charged species). [2] In a stagnant electrolyte at thermal
equilibrium and with a large backround of unreacting ionic species present, the dominant
mechanism of mass transport is diﬀusion. [2] This poses severe limitations in obtaining
kinetic data because the current in the kinetic region is dominated by mass transport
and at a planar electrode, the region of depleted and hence mass transport is increasing
with time. [2] In order to enhance mass transport, forced convection can be introduced.
In the RDE/RRDE technique this is achieved by spinning the electrode relative to the
electrolyte at a certain frequency f (revolutions per second) or angular velocity ω = 2πf
(s−1). [2]
Figure 2.2: (a) Representation of electrolyte streamlines during disk rotation. (b)
Bottom view of streamlines. (c) Radii of disk, inner ring and outer ring. [2]
This causes the electrolyte and reactants to be dragged towards the surface of the electrode
and spun oﬀ laterally. [2] However the region adjacent to the electrode is still stagnant
of reactants. The transport mechanism through this region is still diﬀusion. [2] It is
therefore called the ”diﬀusion layer” and the thickness of this layer δ (m) is determined
by the rotation rate, ω (s-1), i.e. thinner for higher rotation speeds [2, 3]. It is important
to maintain a laminar ﬂow for the model to be valid. Rotation rates are thus chosen
to be between 5 and 10,000 revolutions per minute (rpm). Figure 2.2 (a) depicts the
streamlines of electrolyte and reactants during rotation and the diﬀusion layer. Figure
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2.2 (b) shows the lateral movement of the solution. [2]
The net mass transport and thus the current is determined directly by the diﬀusion of
the reacting species through the diﬀusion layer. Since the thickness of the diﬀusion layer
is determined by the rotation speed, the current is also controlled by convection. [2] A
scan is usually conducted from a potential with no reaction occurring to a potential where
the complete reactant is consumed instantaneously at the electrode surface, leading to a
maximum current and mass transport control. [3] The convective-diﬀusion equations at
steady-state (∂CR/∂t = 0) after simpliﬁcation for symmetry (i.e. ﬂux is indiﬀerent in
disk radius and angle) can be expressed as the equilibrium between the ﬂux normal to
the disc (y direction) caused by convection and the one caused by diﬀusion [2]:
vy
(
∂CR
∂y
)
= DR
(
∂2CR
∂y2
)
(2.1)
where CR (mol cm
-3) is the reactant concentration, DR (cm
2 s-1) is the reactant diﬀu-
sion coeﬃcient and vy (cm s
-1) is the velocity of the ﬂuid in y direction. Solving for
(∂CR/∂y)y=0 under limiting current conditions: CR = 0 at y = 0; limy→∞CR = C
∗
R and
considering that the current is given by, [2]
i = nFADR
(
∂CR
∂y
)
y=0
(2.2)
yields the Levich equation [2]:
il = 0.62nFAD
2/3
R ω
1/2ν−1/6C∗R (2.3)
where C∗R (mol cm
-3) is the bulk concentration of the reactant, n is the number of electrons
transferred, F (C mol-1) is Faraday’s constant, and ν (cm2 s-1) is the kinematic viscosity
of the electrolyte. For a certain rotation rate a speciﬁc limiting current is obtained.
Before reaching mass transport control the current is also aﬀected by the reaction kinetics.
This simply involves changing the boundary conditions in the solution of the convective-
diﬀusion equation towards having a non zero concentration CR at y = 0. [2] Considering
further the current for a totally irreversible one step one electron transfer [2]
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i = FAkf (E)CR(y = 0) (2.4)
deﬁning
ik = FAkf (E)C
∗
R (2.5)
where kf (s
-1) is the rate constant for the forward reaction. Rearranging gives the
Koutecky-Levich equation [2]:
1
i
=
1
ik
+
1
il
=
1
ik
+
1
0.62nFAD
2/3
R ω
1/2ν−1/6C∗R
(2.6)
A plot of i−1 versus ω−1/2 thus gives a straight line. The slope can yield parameters like
D or for the ORR the electron transfer number n, given all other variables are known.
The intercept at ω−1/2 = 0 allows the determination of kf . [2]
It has to be stressed that this equation assumes a simple ﬁrst order reaction or a multi-step
reaction in which the slow step at the potential and reactant concentrations remains the
same. Although this might not be the given for the complex ORR it is the best practical
approximation available to date. These relationships can be applied both to the RDE and
the disk of the RRDE. Moreover, to the RRDE a ring electrode is coaxially added to the
disk electrode. As the reactants and products are swept away laterally from the disk this
allows the detection and quantiﬁcation of products and byproducts, i.e. H2O2 formation
during the ORR. [1, 2] This is achieved by holding the ring potential at a certain value to
ensure selective reaction of the desired compound and measuring the produced current.
The ratio of disk current (Id in A) to ring current (Ir in A) is the collection eﬃciency [1, 2]:
N =
−Ir
Id
(2.7)
The negative sign indicates opposite directions of the disk and ring reaction. In particular,
for the ORR this means the ring is kept at a potential that ensures the oxidation of the
peroxide formed. This is then an oxidative current opposite to the actual reductive one
at the disk. [1, 2]
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The collection eﬃciency is determined by the dimensions of the electrode (r1, r2, r3 in
Figure 2.2 (c)) and can be calculated from these values. [2] Alternatively it can be deter-
mined experimentally using a redox reaction, e.g. the Fe(CN)6
3–/Fe(CN)6
4– couple. [3]
As for an ORR catalyst to be applied in a fuel cell it should produce close to no H2O2,
because the subsequently formed hydroxyl and peroxyl radicals corrode ionomer and other
components of the fuel cell and thus lead to a shorter lifetime. Since the formation of
peroxide is a 2 electron process in contrast to the 4 electron ORR it can be derived that
the percentage of peroxide produced during the ORR is given by [1]:
%H2O2 =
[
(2Ir/N)
(Id + Ir/N)
]
∗ 100 (2.8)
where N is the collection eﬃciency and Id (A) and Ir (A) are the disk and ring cur-
rents respectively. Although RDE and RRDE have beeb employed for a long time and
have been applied to study redox reactions, recent improvements to using the RDE as
a standard method to test catalysts were made by Schmidt et al. [4], who established a
procedure consistent to test ultra-thin Pt/C catalyst layers. In this procedure, the cat-
alyst is dispersed in a solvent to obtain an ink, which is then deposited by drop coating
onto the disk. A small amount of Naﬁon® acts as binder to attach the catalyst powder
to the disk. In order to obtain reasonable results the catalyst layer should be thin and
homogeneous. [4, 5] Later Paulus et al. [1] showed that also the RRDE technique can be
applied to electrocatalysis in order to determine the 4 electron selectivity of the reaction.
Numerous studies utilised this method to non precious metal catalysts as well, however
at relatively high loadings (up to 1 mg cm−2). [5–8] The applicability of high loadings is
questionable and is presumably strongly dependent on the catalyst morphology and the
ﬂatness of the resulting catalyst layer. [5, 9, 10] If the layer is either too thick and/or
has a high macroscopic roughness it will leads to erroneous results. This results from
the possibility of electrode roughness introducing a convective component adjacent to the
electrode layer, and the fact that the electrode layer is now thick relative to the boundary
layer. This can produce a higher than theoretical limiting current and the diﬀusion layer
with constant thickness, which is the underlying assumption of this technique will not be
present. [9, 10]
Figure 2.3 shows a representative RDE voltamogramm of an oxygen saturated solution
at a scan rate (1 mV s-1) and step size (30 mV) to ensure steady-state conditions, e.g.
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Figure 2.3: Representative ORR curves at diﬀerent rotation rates for a non-precious
metal catalyst in alkaline solution.
30 s per point, which eliminates contributions from capacitive currents. In contrast, Pt
catalysts are usually evaluated at a higher scan rate of 20 mV s-1. This is beacause
of poisoning eﬀects and growth of an oxide layer interfere with the analysis. [4] This
is not thae case for NPMCs and hence a lower scan rate can be used. It can be seen
that a higher rotation rate provides a higher limiting current density. In general, for
the ORR, a catalyst which shows a higher current at higher potential is better for fuel
cell applications, given that O2 is reduced to H2O rather than H2O2. The use of the
RDE/RRDE to determine activities of NPMCs under acidic conditions is challenging, as
these materials are generally signiﬁcantly less active that PGM based materials and at
low loading do not achieve limiting current densities. [11] Therefore either high loadings
can be used as mentioned above or the loading can be reduced in order to better reﬂect
the assumptions of the technique. [10, 11] This will however prevent the determination of
the electron transfer number n from the limiting current. The peroxide yield monitored
at the ring has also been shown to be dependent on the CL thickness. [5] A higher
loading generally leads to the detection of less H2O2, as the species will have a longer
residence time within the catalyst layer and will therefore be able to decompose or to be
electrochemically reduced. [5] Hence it is necessary to determine the peroxide content at
various catalyst loadings in order to be able to make statements on whether a 4 electron
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reduction or a 2+2 process is present. [5]
2.1.2 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a technique where the electrochemical
system is set to certain steady-state conditions, i.e. constant current or constant po-
tential, and then subjected to a sinusoidal excitation signal of variable frequency, i.e.
current or potential perturbation. [12] From the response, information such as solution
resistance, capacitance, charge transfer resistance and mass transport phenomena can be
extracted. [12] For most analysis it is important to ensure that the system behaves linear.
This means that the magnitude of the perturbation should be chosen small enough in
order to ensure no deviation from this linear behaviour and large enough to trigger a
suitable response. [12, 13] A potential input signal of
E(t) = Ec +ΔE sin(ωt) (2.9)
will then produce a current output signal of
I(t) = Ic +ΔI sin(ωt+ φ) (2.10)
and vice versa. [12] E is the potential signal, Ec (V) is the constant steady-state potential,
ΔE (V) the amplitude of potential modulation, ω (s-1) the angular frequency, I (A) the
current signal output, Ic (A) the constant steady-state current, ΔI (A) the amplitude of
current modulation, t (s) the time and φ (degree) the phase angle between the signals. It
can be shown that input and output function are correlated with a transfer function. [12,
13] For an electrical circuit or an electrochemical system, the impedance is the transfer
function between the potentiel (input) and the current (output) [12, 13]:
Z(ω) =
ΔE¯(ω)
ΔI¯(ω)
(2.11)
where ΔE¯(ω) is the Laplace transform of the potential output function in the frequency
domain and ΔI¯(ω) the respective current input function. Z(ω) is a complex function,
with real part ReZ(ω) and imaginary part ImZ(ω). The modulus is deﬁned as [12, 13]:
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|Z(ω)| =
√
ReZ(ω)2 + ImZ(ω)2 (2.12)
and the phase angle between the signals is given by [12, 13]:
φ = arctan
[
ImZ(ω)
ReZ(ω)
]
(2.13)
Electrochemical phenomena in an ideal model system can be represented by basic electrical
circuits consisting of resistive and capacitive elements with the addition of a term that
represents mass transport eﬀects. [12, 13] The impedance of a resistor is based on Ohm’s
law and given by [12, 13]:
Z(ω) = R (2.14)
and therefore the alternating part of the current response across a resistor is given by [12,
13]:
ΔI(t) =
ΔE
R
sin(ωt) (2.15)
where R is the resistance in Ω. This means a purely resistive element will not introduce
de-phasing into the alternating part of the current and has only a real component. On
the other hand, a capacitive element will have the following impedance [12, 13]:
Z(ω) = − j
ωC
(2.16)
and current response [12, 13]:
ΔI(t) = ΔE Cω sin(ωt+ π/2) (2.17)
where j is the imaginary unit (j2 = −1) and C is the capacitance in F. A pure capacitor
will therefore de-phase current and potential by φ = 90° and has only an imaginary com-
ponent. [12, 13] From equations 2.14 and 2.16 it can be seen that, while the impedance
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of a resistor is frequency independent, the impedance of the capacitor for very high fre-
quencies (ω → ∞) will become negligible while for very small frequencies (ω → ∞) will
become inﬁnite. [12, 13] The solution resistance can be represented by a resistive element
Rs. [12, 13] Furthermore, it can be shown that the electrochemical charge transfer can
also be represented by a resistive element Rct. [12, 13] The double layer capacitance can
be represented by a capacitive element Cdl. [12, 13] Deviation from the ideal behaviour
can have multiple reasons, such as inhomogeneities on the surface, blocking species or a
high porosity and can be approximated by introducing a so called constant phase element
(CPE) [12, 13]:
ZQ =
1
Q0(jω)ρ
(2.18)
where ρ has a value between 0 and 1, with 1 representing an ideal capacitor. Q0 in F
represents the capacitive element in the CPE. The mass transport impedance of a redox
reaction, which is also calledWarburg impedance, can be derived from the respective equa-
tions when taking concentration eﬀects at the electrode into account and for a stagnant
solution, i.e. no ﬁxed diﬀusion layer, is given by [12, 13]:
Zw =
σ(1− j)√
ω
(2.19)
where σ is a constant which is deﬁned by the concentration and diﬀusion coeﬃcients of
the reactants. ZW is frequency dependent, will grow with smaller frequencies at the same
rate in the real as well as imaginary part and introduce a phase shift of 45°. [12, 13] For
diﬀusion layers of ﬁxed length, such as in a cell with forced convection, e.g. RDE/RRDE,
or where the diﬀusion layer is bounded by a wall, e.g. thin layer electrochemical cell, the
behaviour will deviate at low frequencies and will introduce a more complex dependency
on the diﬀusion layer thickness δ. [12, 13] The impedances of the various components can
then be combined and behave according to Kirchoﬀ’s laws, i.e. a series conﬁguration of
Z1 and Z2 will produce a total impedance of Ztot = Z1 + Z2 and a parallel conﬁguration
a total impedance of 1/Ztot = 1/Z1 + 1/Z2 etc. [12, 13]
A simple electrochemical redox reaction on an electrode can be described with the Randles-
Ershler circuit, as shown in Figure 2.4 (a) and will yield the impedance response of the
combination of the single components. This response can be represented in various ways.
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Figure 2.4: a) Equivalent Randles-Ershler circuit of a faradaic half reaction. b)
Nyquist-plot of the impedance response expected for this circuit. c) Bode magnitude
plot and d) Bode phase angle plot of the same cicuit. Traces 1, 2 and 3 in b) - d)
represent the mass transport response for the blocking electrode case, the inﬁnite linear
diﬀusion and the semi-inﬁnite linear diﬀusion, respectively. [12, 13]
A plot of ReZ(ω) versus −ImZ(ω) is called Nyquist-plot and allows the easy identiﬁcation
of resistive, capacitive and mass transport elements. [12, 13] It can be seen in Figure 2.4
(b) that the Nyquist-plot of the Randles-Ershler circuit will produce a semicircle, which
is oﬀset on the real axis. This ﬁrst intercept is caused by the solution resistance Rs, which
only has a real component. [12, 13] A faradaic charge transfer together with the double
layer capacitance of the electrode are modelled with a resistor in parallel with a capacitor.
This will produce a semicircle in the Nyquist-plot. [12, 13] In case of a deviation from the
ideal behaviour a CPE can be used instead of a capacitor. The semicircle will then be
depressed. [12, 13] The position of the maximum of the semicircle with respect to frequency
is deﬁned by the time constant τ = RctCdl of the system (ωmax = 1/τ). [12, 13] The
magnitude of the semicircle is deﬁned by the magnitude of Rct and Cdl. This means a more
facile reaction will produce a smaller semicircle, observed at higher frequencies. [12, 13]
Finally the mass transfer resistance W can be observed at low frequencies. [12, 13] In the
circuit it is positioned in series with Rct. In a reaction with growing diﬀusion layer, i.e. no
forced convection, the response in the Nyquist-plot will be a straight line with an angle of
45° (trace 2 in Figure 2.4 (b) - (d)). [12, 13] If a ﬁxed diﬀusion layer thickness is present,
it will show a second semicircle (trace 3 in Figure 2.4 (b) - (d)). If the diﬀusion layer
has a ﬁxed thickness (trace 1 in Figure 2.4 (b) - (d)), with no reactant species outside
the barrier, the mass transport impedance will curve towards a 90° line and the total
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impedance will increase. [12, 13] The plots of log(ω) versus φ and |Z(ω)| are called Bode
plots and allow to identify the associated phase shift and modulus of the impedance at a
given modulation frequency. [12, 13] The respective Bode plots are shown in Figures 2.4
(c) and (d). If a suitable equivalent circuit can be identiﬁed for an electrochemical system,
the response can be ﬁt and the respective parameters can be determined.[12–14]
In this work EIS has been used to extract the solution resistance in the 3 electrode set-up
shown in 2.1.1 above, in order to obtain the iR-free potential. This can be done by simply
reading the real value at zero phase angle or the ﬁrst intercept with the real axis in the
Nyquist-plot. [14, 15] Moreover, EIS has been used to gain information on the catalyst
layer in the membrane electrode assembly (MEA). [14] On porous electrodes such as used
in fuel cells a more complex behaviour is present. [13] The impedance response of fuel
cells will be introduced in the respective chapter ( 8). [13, 14]
In practice, a frequency response analyser (FRA) is used in order to generate input and
extract the output signals. Typical frequencies range from 10 mHz to 0.1 MHz. At
high frequencies the inductance of the utilised circuitry, i.e. cables, becomes a signiﬁcant
interference. [13, 14] This inductive impedance (ZL = jωL, where L is the inductance in H)
is visible as negative imaginary component in the Nyquist-plot. [13, 14] This contribution
can be minimised by ensuring that the cell to be tested is connected through short wide
cables and that no loops are present in the current carrying connections. [13, 14] Typical
magnitudes of excitation range around 5% of the constant current or potential (root
mean square (rms)). [13, 14] The linearity of input to output response can be veriﬁed by
following the Lissajous curve of the signals. [13, 14] A linear response is ensured when the
ﬁgure exhibits a strictly ellipsoid shape. The consistency of impedance data can further
be veriﬁed with the Kramers-Kronig relationship. [13, 14, 16] This ensures correlation
between the signals and whether the system maintains its steady-state throughout the
measurement. [13, 14, 16] Scho¨nleber et al. [16–18] developed and veriﬁed an improved
algorithm which was used in this work to verify impedance data.
2.1.3 Cyclic Voltammetry
Cyclic voltammetry (CV) is the cycling of potential between 2 points at a ﬁxed scan
rate while recording the current. [2] The obtained current versus potential plot is the
voltammogram. The sweep rate is constant for each voltammogram and lies between 1
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and 500 mV/s in this work. [2] The measurement is taken with the same set-up as the
RRDE experiments. CVs are applied to every catalyst before the activity is evaluated by
RRDE, in order to condition the catalyst layer. The RRDE measurements are also taken
as CVs with a slow scan rate (1 - 5 mV s-1), in order to reduce capacitive currents.
Traditionally, CV is conducted by linaerly sweeping the potential. However, in contrast
to analogue instrumentation, newer instruments which contain digital components apply
a stair-case voltammogram. [19] The parameters deﬁning the staircase scan are the scan
rate V (V s-1) and step potential Estep (V) and give the interval time tint (s) [19]:
tint =
Estep
V
(2.20)
Instead of linearly sweeping the potential and constantly sampling the current, the poten-
tial is stepped by Estep and the current is sampled at the end of the interval time. [19] For
scan rates between 10 and 100 mV s-1 and Estep of 1 - 2 mV, the interval times lie between
10 μs and 20 ms. It has been shown that the error is negligible when investigating kinetic
processes. [19] However, the current associated with fast surface adsorbate reactions and
double layer contributions might be undetected. [19] This might be the case when per-
forming stripping voltammetry. To mitigate this drawback of the digital instrumentation,
a current integrator can be used. [19]
A current integrator is an analogue circuit element, which directly measures the total
passed charge associated with the potential step, Qstep. At the end division by the duration
of the step tstep yields the total current as opposed to the current at the end of the step
during normal stair-case voltammetry. This allows us to also capture currents associated
with faster processes. It has been shown that this method produces comparable results
to the linear scan method. [19]
When background corrected currents are reported the measurements in the presence and
absence of O2 have been recorded under the same conditions and the capacitive trace (in
absence of O2 and in the presence of N2) subtracted from the measurement under O2.
This leaves the current associated with the faradaic reaction, i.e. the ORR. In order to
condition the catalyst layer, the potential is cycled at various scan rates in the presence
and absence of O2. This is done until the voltammogram does not change anymore and
takes between 20 and 100 cycles under diﬀerent scan rates and varying between O2 and
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N2 (see relevant Experimental Part). It ensures that the surface is electrochemically clean
and the whole accessible catalyst surface area is wet properly with electrolyte.
The capacitative current measured in the absence of a faradaic reaction can give an
estimation about the speciﬁc surface area of the catalyst. [2] This is due to the fact that the
double layer capacitance is, in a ﬁrst approximation, proportional to the electrochemically
accessible surface area. [2]
CV can provide information on redox active species within the catalyst, which might
be correlated to the catalytic activity and ultimately give information about the active
site. [2] If a redox active species is present, a reduction and oxidation peak will be observed.
If the position of the peaks does not change with scan rate, it is a reversible reaction. [2, 3]
Figure 2.5: Representative voltammograms of a platimun catalyst deposited on carbon
black (Pt/C) and a Fe-N/C catalyst (Fe/CNx).
As can be seen in Figure 2.5, NPMCs are mostly featureless as compared to Pt/C, which
shows a rich behaviour in hydrogen adsorption/desorption and oxide formation. In some
NPMC samples a reversible redox peak can be observed, which might either be associated
with the transition of Fe2+/Fe3+ in the material or the hydroquinone/quinone couple in
the carbon. [8]
CV was mainly used in this study to measure the charge of a reductively stripped species
from the catalyst surface. The charge passed in a CV is given by [2]:
Chapter 2. Experimental Techniques 124
Q =
IE
V
(2.21)
where Q is the charge in C, I the current in A, E the potential in V. Thus the magnitude
of the peak-area is directly correlated to the charge associated with this peak. [2] As
mentioned above a current integrator module should be used for these experiments. [19]
2.1.4 Chronocoulometry
Alternatively to CV, chronocoulometry can be used to measure the charge associated with
an electrochemical process. [2] Chronocoulometry involves stepping the potential from a
predeﬁned value to another while measuring the charge associated with this potential step
over time. [2] In this work chronocoulometry has been used complementary to stripping
CV in order to verify the results.
Figure 2.6: Representative reductive coulometric stripping of a species from the surface
of an Fe-N/C catalyst as compared to the baseline trace.
Figure 2.6 shows a representative stripping measurement. The measurement has been
recorded on a RDE, utilising the setup described in 2.1.1, at a rotation of 1600 rpm. The
charge increase of the background measurement is associated with the capacitive current
and the excess charge can be extracted by extrapolating the charge versus time curve at
constant slope to zero time. The non-zero increases in charge after the capacitive and
stripping charges have been passed is due to a small amount of faradaic reaction, i.e. the
hydrogen evolution reaction, at the applied potential. [2] A potentiostat can be used to
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generate the potential step and record the current. When a current integrator is used
the passed charge is measured directly. Alternatively the current can be measured and
integrated over the time. [2]
2.1.5 Membrane electrode assembly single cell testing
Ultimately the catalyst has to be tested under real operating conditions. This is done
in a membrane electrode assembly (MEA). [20] However this method is usually reserved
for the best catalysts, due to the time-consuming fabrication process. The MEA is the
central part of the PEMFC. It is where the electrochemical reaction takes place and the
power is created [20].
Figure 2.7: (a) Schematic of an MEA. CL = catalyst layer, GTL = Gas Transport
Layer, PEM = Polymer Electrolyte Membrane.(b) MEA embedded onto one half of the
testing device (right) other half shows the graphite plate with the ﬂow ﬁeld. Both parts
are sandwiched and screwed together, to obtain the complete device.
The main components of the MEA are the proton exchange membrane (PEM) or anion
exchange membrane (AEM) in case of the alkaline pendant, the catalyst layers (CL) and
gas transport layers (GTL) of anode and cathode respectively (Figure 2.7 (a)). [20] The
MEA can be prepared by diﬀerent methods. The traditional method is that the CL is
deposited onto the GDLs. Another method applies the CL to the membrane. There are
several ways of applying the CL to either GDL or membrane. Spraying of a catalyst
ink is suitable for the GDL, while for the membrane a catalyst layer is usually prepared
onto a PTFE blank and then hot pressed onto the membrane (catalyst decal transfer) to
form a catalyst coated membrane (CCM). [21] After applying the CLs to the respective
component, those are hot pressed together to obtain the MEA shown in Figure 2.7 (a).
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The MEA is then installed into the testing device which contains graphite plates with a
ﬂow ﬁeld, gas inlet and outlet and heaters. The current can be collected from the graphite
plates (Figure 2.7 (b)), which are in contact with gold plated current collectors. The
testing device seen in Figure 2.7 is closed with a deﬁned pressure, which can be achieved
by using a deﬁned torque on the screws that ﬁx the device, and connected to a load cell
and/or a potentiostat via the current collectors. Then the respective reactants H2 and O2
or air are supplied, which are usually humidiﬁed. Humidiﬁcation is achieved by saturating
the gases with water at the desired temperature to achieve a deﬁned relative humidity
(RH). [20] The gas ﬂow is controlled with mass ﬂow controllers (MFCs). A back-pressure
unit can be used in order to increase the partial pressure of the reactants in the cell.
The cell is usually heated to 60 - 80°C, when conducting the measurements. [20] In order
to assess the performance of the cell, a steady state polarisation curve can be collected
(Figure 1.7 in Chapter 1). EIS can be used to further analyse the cell. The features of
the polarisation curve and the losses present in a single cell have been discussed in ( 1.3).
EIS on single cell MEAs will be introduced in the relevant chapter ( 8).
2.2 Physical and analytical characterization methods
2.2.1 Nitrogen adsorption analysis
In order to assess the surface speciﬁc activity of a catalyst and compare diﬀerent catalysts
to each other it is important to know the speciﬁc surface area and the porosity of the
material. This can be achieved by measuring the amount of adsorbed nitrogen with respect
to pressure under isothermal conditions. The technique is named after Stephen Brunauer,
Paul Hugh Emmett and Edward Teller, (BET), who described the theory in 1938. The
BET theory is an extension of the Langmuir theory which describes the dependence of
surface coverage on the gas pressure or the concentration of an adsorbent. While the
Langmuir theory limits the surface coverage to a monolayer, the BET theory allows for
the formation of inﬁnite layers [22, 23]. Following assumptions are made [23]:
1. There is a ﬁxed amount of surface sites onto which adsorbent molecules can adsorb
(one molecule per site). The adsorbed molecules are considered to be spherical and
has a speciﬁc cross sectional area on the surface.
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2. A molecule can act as a single adsorption site for a molecule of the upper layer and
the formed columns do not interact with each other.
3. The uppermost molecule layer is in equilibrium with the gas phase, i.e. equal rates
of molecule adsorption and desorption.
4. The energy of adsorption for the ﬁrst layer E1 is given by the molecule-surface
interaction. The energy for all successive layers equals the adsorbate’s heat of con-
densation.
5. At the saturation pressure, the number of layers approaches inﬁnity (i.e. equivalent
to the sample being surrounded by a liquid phase)
The following equation was derived [23]:
1
v[(p0/p)− 1] =
c− 1
vmc
(
p
p0
)
+
1
vmc
(2.22)
where p (Pa) and p0 (Pa) are the equilibrium and the saturation pressure of adsorbate
at the temperature of adsorption, v is the adsorbed gas quantity (for instance, in volume
units L), and vm is the monolayer adsorbed gas quantity. c is the BET constant which is
deﬁned by the heat of adsorption for the ﬁrst layer E1 and that of the second and higher
layers EL, [23]
c = exp
(
E1 − EL
RT
)
(2.23)
A plot of 1/(v[(p0/p)− 1]) versus p/p0 gives a straight line in the range of 0.05 < p/p0 <
0.35. From the value of the slope A and the y-intercept I it is possible to calculate the
monolayer adsorbed gas quantity vm and the BET constant, [23]
vm =
1
A+ I
(2.24)
c = 1 +
A
I
(2.25)
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this then allows the determination of the total surface area Stot and the speciﬁc surface
area Sspec,
Stot =
(vmNs)
V
(2.26)
Sspec =
Stot
a
(2.27)
where vm is in units of volume which are also the units of the molar volume of the
adsorbate gas, N is Avogadro’s number, s the adsorption cross section of the adsorbing
species, V the molar volume of the adsorbate gas, and a the mass of the adsorbent. [23, 24]
Practically the equilibrium pressure and the amount of adsorbed gas is determined at a
ﬁxed temperature. [24] Diﬀerent gases can be used with this technique. Nitrogen has been
used in this work. [24] The obtained surface area can be taken to determine the speciﬁc
current density.
Figure 2.8: Representative BET isotherm of a carbon based high surface area FeCo-
N/C catalyst with micropores.
Figure 2.8 shows a representative isotherm, from which the relevant data can be extracted
by appropriate rearrangement of the plotting parameters. Rearranging the plot according
to equation 2.22 will allow the determination of surface area. The BET isotherm can
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furthermore yield information on the pore size distribution (PSD) of meso- and microp-
ores. [24] The information can be extracted from the adsorption or desproption branch
of the isotherm in the p/p0 range of 0.4 - 0.97. [24] Diﬀerent underlying theories can be
used to extract the PSD. In the Barret, Joyner, Halenda (BJH) method, the assumption
is that all pores have a cylindrical shape and a modiﬁed Kelvin equation is used to relate
the amount of adsorbate removed as p/p0 is decreased to the size of the pores. Usually a
maximum pore size of 60 nm is accessible with this method. [24, 25] It has been shown
that the BJH method can be used for carbon blacks. [24, 25] Further information to be
gained is the determination of micropore versus external surface area, where the micro-
pore area is deﬁned as pores smaller than 2 nm. The Broekhoﬀ-de Boer equation can
be used in conjunction with the so called t-plot, to extract the mictropore area verus
external surface area of a material. [24] The BET in combination with the Broekhoﬀ-de
Boer and BJH methods have been used in this study to extract data from the isotherm.
Although all methods use simpliﬁcations, it allows the establishment of general trends. In
a typical measurement, the sample is usually ﬁlled into a speciﬁcally engineered glass tube
and thoroughly dried before use, in order to clean the surface. The sample tube is then
evacuated and then cooled down to the desired temperature by immersion into a liquid
nitrogen vessel. The amount of gas and the relative partial pressure can then be adjusted
with mass ﬂow controllers (MFCs) and pressure transducers to collect the isotherm.
2.2.2 Total reﬂection x-ray ﬂuorescence
Total reﬂection X-ray ﬂuorescence (TXRF) can be used to determine the identity and
quantity of elements present in a sample. [26] It is particularly useful for trace metal
analysis with a detection limit in the low picogram (pg) range. [26] The working principle
of X-ray ﬂuorescence (XRF) is the ejection of electrons from the inner atomic orbitals by
X-rays. The resulting hole is then ﬁlled by relaxation from an electron in a higher energy
orbital. The released energy of this transition is emitted as ﬂuorescence quanta. The
energy of the photoemission light is distinct for each element, as it reﬂects the diﬀerence
in the energy of the orbital transitions in this element. [26] For light elements the Kα
line and for heavy elements the Lα line is used for identiﬁcation and quantiﬁcation. [26]
A X-ray tube with either a Mo or W target is used to generate the X-rays and a silicon
based detector, such as a silicon drift detector (SDD), detects and quantiﬁes the emitted
ﬂuorescence light quanta. [26] The advantage of TXRF over other XRF methods is that
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due to the shallow angle of the incident light beam, the penetration depth is restricted to
few nanometers. This decreases the occurrence of interferences from the X-ray source and
increases the signal-to-noise ratio signiﬁcantly. [26] Suitable optical components such as
monochromators and mirrors ensure the suitable processing of the incident X-rays from
the source to the sample and the emitted light from the sample to the detector, while
further minimising interferences. [26]
Ga standard
Fe detected
Figure 2.9: a) Image of a quartz carrier with a deposited sample which is unsuitable for
the measurement, due to being inhomogeneous (left) and a suitable homogeneous sample
layer (right). b) Representative total reﬂection X-ray ﬂuorescence (TXRF) spectrum of
a Fe-N/C catalyst with Ga as internal standard.
The analyte is deposited onto a carrier, which should be made of high purity material that
only contains elements which do not interfere with the measurement. High purity quartz
is an option if silicon is not the desired element to be detected. [26] If a material with a
solid matrix, such as carbon, is measured, a homogeneous thin ﬁlm has to be prepared.
This is achieved by mixing and sonicating the sample with an aqueous surfactant solution
in order to produce an ink. An internal standard is added for quantiﬁcation. This is
usually an element which does not interfere with the detection signal, such as Ga. [26]
The ink is then deposited onto the sample carrier, dried in order to produce a homogeneous
thin ﬁlm, and subjected to analysis. [26] A homogeneous thin ﬁlm is important to obtain
the correct signal for quantiﬁcation. Figure 2.9 (a) shows the preparation of a good
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and a bad sample carrier. The identity of the detected elements can be obtained by
comparing the energy of the emitted radiation with tabulated values. The instrument
needs to be suitably calibrated with a standard in order to correct for a possible drift in
the detector. [26] Due to the known ratio of sample weight to standard weight, from the
relative intensities of the signal, the weigh percentage (wt%) of the desired element in the
sample can be determined. [26] Figure 2.9 (b) shows a representative TXRF spectrum of
a Fe-N/C catalyst with Ga as internal standard. It can be seen that various elements
with diﬀerent amounts are present in the sample. The formula used to determine the
concentration of the desired element is as follows [26]:
Ci =
CISNiSIS
NISSi
(2.28)
where Ci is the concentration of the desired element, CIS is the concentration of the
standard, Ni and NIS the count rates of the desired element and internal standard, SIS
and Si the sensitivity factors of internal standard and desired element, respectively.
2.2.3 Scanning electron microcsopy
Scanning Electron Microscopy (SEM) is used to get high resolution images of samples
especially highlighting the topology. [27] This can give important information on the
inﬂuence of synthesis conditions on morphology. The high resolution is due to the small
wavelength of electrons used (0.12 Angstroms) and the magniﬁcation can range between
10 and 100000 with a excellent depth of ﬁeld. [27] The electrons are usually generated in
a tungsten-hairpin gun where a tungsten wire is heated and electrons are emitted. The
electron beam is then focused onto the sample by applying an acceleration voltage and
the interaction with the surface creates a variety of signals. This can include secondary
electrons emitted from the substrate, backscattered electrons, X-rays, light, heat and
transmitted electrons. [27] SEM’s primary imaging method is the collection of secondary
electrons and/or backscattered electrons. [27] The incident electron beam creates a splash
of secondary electrons with signiﬁcantly lower kinetic energies and low penetration depths.
The detection of those with respect to the incident beam allows the construction of images
with a high magniﬁcation and high resolution. [27] Secondary electrons are detected by
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a scintillation material. [27] The material produces light upon interaction with electrons,
which can be detected by a photomultipliier. [27]
Figure 2.10: SEM image of a pyrolyzed CNx catalyst.
An exemplary SEM micrograph of a pyrolized carbon material can be seen in Figure 2.10.
Features of the particles can be identiﬁed or the morphology of the catalyst layer in an
MEA can be investigated. If the sample is non-conductive, a thin layer (few nanometers)
of a metal, such as chromium can be sputtered onto the specimen in order to avoid charg-
ing. [27] In a typical measurement, the samples are deposited onto metallic aluminium
stubs and immobilised with carbon tape. Cross sectional samples are mounted into specif-
ically designed sample holders. The measurement is conducted in the evacuated chamber
of the instrument.
2.2.4 Transmission electron microscopy
Transmission electron microscopy (TEM) is a microscopy technique capable of signiﬁ-
cantly higher resolution than optical microscopes. [28] The resolution of those is limited
by the wavelength of visible light. Electrons however have a much smaller DeBroglie-
wavelengtgh. [28] Structures as small as some Angstroms can be resolved. TEM utilizes
this fact by passing an accelerated electron beam through a thin sample. The image
is created by way of diﬀerential contrast. [28] Some electrons surpass the sample, while
others are stopped or deﬂected, thus creating a black and white image. [28] Unlike in
light microscopes, the focusing of the beam is not achieved by traditional glass lenses, but
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by electromagnetic ﬁelds. For very high magniﬁcations complex wave interactions occur
that contribute to the ﬁnal image [28]. The resulting image is a 2D representation of the
sample. These images can highlight microstructural features on the nanometer length
scale. [28] The interpretation of TEM images can be challenging for amorphous materials,
since the 3D sample will be reduced to a 2D image. On the other hand TEM can be useful
for the investigation of crystalline domains with the possibility to identify those via the
respective lattice spacing. [28]
Figure 2.11: TEM image of a pyrolyzed Fe/Co-N/C catalyst.
Figure 2.11 shows a representative TEM image of a carbonaceous material. Usually, the
samples can be deposited from a suspension onto a speciﬁc TEM grid, which consists of
gold and copper and may be coated with an amorphous carbon matrix. The measurements
are conducted in an evacuated chamber.
2.2.5 Scanning transmission electron microscopy
In contrast to TEM, scanning transmission electron microscopy (STEM) focuses the beam
onto the sample and scans the sample in a raster. [29] Unlike TEM the contrast of the sig-
nal is directly proportional to the atomic number of the element. [29] A further advantage
is that the beam can be used to perform electron energy loss spectroscopy (EELS) for
element identiﬁcation and to correlate the measurement with the observed image. [29, 30]
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Figure 2.12: STEM image of a pyrolyzed Fe-N/C catalyst.
Figure 2.12 shows a STEM image of a Fe-N/C material. With the right instrumentation
atomic resolution images are possible with the further possibility to identify the observed
atoms with EELS. The samples can be prepared in the same way as for TEM by drop
casting onto a sample carrier.
2.2.6 Electron energy loss and energy dispersive spectroscopy
Electron energy loss spectroscopy (EELS) is often used in combination with STEM in
order to identify the observed elements and gain further information, such as on the local
chemical environment. [30] When the electrons hit the sample, some will be inelastically
scattered. The energy of the scattered electrons can be determined with a detector and
forms a spectrum. Causes for the scattering include phonon excitations, plasmon excita-
tions and inner shell ionisations amongst others. [30] The inner shell ionisations, which
arise due to the energy loss associated with removing an electron from an atom, can
be used to identify elements, since each element has speciﬁc energies of ionisation. If
a certain element is present, which the incident electrons can ionize, a peak of electron
energy will occur where this energy of ionisation is subtracted from the incident electron
energy beam. The ﬁne structure of the associated peak can give further information on
the chemical environment. [30]
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Figure 2.13: Representative EELS spectrum of Fe-N/C catalyst.
Figure 2.13 shows a representative EELS spectrum of a Fe-N/C catalyst, the visible peak
is associated with the energy loss due to Fe ionisation. With the suitable equipment and
sample, atomic spatial resolution is possible. In this study EELS has been used to verify
the identity of atoms observed in STEM images and can be performed directly on the
same sample in the chamber.
Energy dispersive X-ray spectroscopy (EDS) is another common technique used in con-
junction with electron microscopy. [31] The principle is similar to XRF, with the diﬀerence
that the mode of excitation is the removal of electrons from the atoms by the collision
with incident electrons rather than X-rays. Like XRF it can be used for qualitative as
well as quantitative elemental analysis, however with lower sensitivity. [31] It can be per-
formed directly on the samples in the chamber of the electron microscope, if it is equipped
with the suitable electron generator and detector. [31] EDS has been used for qualitative
elemental analysis in this work.
2.2.7 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) can be used to determine the surface composition
of a material. It can give information on the chemical as well as electronic state of the
elements. [32] When a sample is irradiated with X-rays of well deﬁned energy (Ephoton),
e.g. from monochromatic Al Kα rays, electrons will be ejected of which the kinetic energy
Ekinetic can be precisely determined. [32] From the following relationship the binding
energy Ebinding can be determined [32]:
Ebinding = Ephoton − (Ekinetic + φ) (2.29)
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where φ is the work function of the material. Every element has speciﬁc binding energies
for its electrons in the diﬀerent orbitals. [32] Depending on the chemical environment, these
energies can be shifted. Therefore it is possible to not only determine the identity of a
surface species, but also its chemical state. [32] From the relative intensities, quantiﬁcation
is possible as well. XPS is usually conducted under ultra-high vacuum (UHV) conditions.
XPS is surface speciﬁc in terms of the electrons released are from the uppermost 10 nm
of the material. [32]
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Figure 2.14: XPS wide scan spectrum of Fe-N/C catalyst.1
Figure 2.14 shows a representative XPS spectrum of a Fe-N/C material, where the elec-
trons of the various elements are labelled. XPS has been used in this work in order to
determine the type of nitrogen functionalities, e.g. pyridinic, pyrrolic etc., in the Fe-N/C
material. This can be achieved by deconvolution of the nitrogen peak of the 1s electrons
and comparison of the shift with tabulated literature values. [33] The determination of
iron bonding properties was not possible due to the limited sensitivity. The sample has to
expose a relatively ﬂat surface to the X-ray source. A powdered sample can be prepared
by pressing the powder to be analysed onto an indium substrate in order to obtain a ﬂat
pellet.
1The data analysis for this ﬁgure was performed by Dr. Emmanouil Symianakis
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2.2.8 Temperature programmed desorption
Temperature programmed desorption (TPD) can be used to determine energies of des-
orption of diﬀerent molecules which are adsorbed on surfaces. It is potentially possible to
distinguish between physisorption and chemisorption, where latter is deﬁned as a strong
chemical interaction, typically with desorption energies exceeding 50 kJ/mol. [34] Firstly
the sample surface needs to be cleaned by annealing at elevated temperature. [34] This
can be done either in vacuum or under an inert atmosphere. Subsequently, the sample
will be exposed to the adsorbent. Then the sample will be heated at a ﬁxed heating rate.
The amount of desorbed gas can be determined with a mass spectrometer. [34]
Figure 2.15: TPD spektrum of water adsorbed onto Fe-N/C catalyst.
Figure 2.15 shows a typical desorption measurement. Usually a peak will be observed.
Varying the heating rate will shift the temperature-maximum of the observed peak and
the following relationship has been derived [34]:
ln
(
T 2max
β
)
=
ΔEdes
RTmax
+ ln
(
ΔEdes
νR
)
(2.30)
where Tmax is the temperature-maximum of the desorption peak, β = dT/dt is the heating
rate, ΔEdes the energy of desorption, R the universal gas constant and ν a factor associated
with the kinetics of the reaction. Thus a plot of ln(T 2max/β) versus 1/Tmax for diﬀerent β
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will give a straight line with a slope of ΔEdes/R. [34] TPD has been used in this study to
determine the O2 energy of desorption on a Fe-N/C material. Ambient pressure under an
inert Ar atmosphere have been used instead of UHV conditions. In a typical measurement,
the sample is ﬁlled into a glass tube which allows the passage of carrier and adsorbent
gas and can be heated. The gas ﬂow is controlled with MFCs and the released gases are
monitored with a mass spectrometer or a thermal conductivity cell (TCD).
2.2.9 Electron paramagnetic resonance
Electron paramagnetic resonance (EPR) gives information on unpaired electrons in a
molecule or material. Due to their spin quantum number of s = 1/2 and magnetic
moment, electrons are subject to Zeeman splitting when exposed to a magnetic ﬁeld. [35]
They can either align with the magnetic spin component parallel (ms = −12) or anti-
parallel (ms = +
1
2) to the magnetic ﬁeld. The energy diﬀerence between the two states
is given by [35]:
ΔE = geμBB0 (2.31)
where ge is the electron g-factor (2.0023 for the free electron), μB the Bohr magneton and
B0 the magnetic ﬁeld strength. Due to the Maxwell-Boltzmann distribution the lower
energy level has a higher population. [35] Absorption of a photon with the appropriate
energy (hν) that satisﬁes the resonance condition will excite the electron to the higher
energy level. [35] Either the magnetic ﬁeld can be varied and the sample irradiated with a
ﬁxed frequency electromagnetic wave which typically lies in the microwave region of the
spectrum for electrons, or the radiation frequency can be varied while the magnetic ﬁeld
is kept constant. [35] In practice variation of the magnetic ﬁeld is performed. [35]
Figure 2.16 (a) shows how varying the magnetic ﬁeld can lead to the satisfaction of the
resonance conditions. Figure 2.16 (b) shows the resulting spectrum. In EPR the derivative
spectrum is plotted and the zero crossing is where the maximum of the absorption peak
lies. [35] The electron g-value can be determined for all transitions in a material. Since
the g factor of a free electron is a constant, the deviation from this value is caused by the
interaction of the electron with local magnetic ﬁelds of the surrounding atoms. [35] EPR
is particularly useful to characterise high spin transition metal complexed. If the electron
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Figure 2.16: (a) Relationship between magnetic ﬁeld and Zeeman splitting. (b) result-
ing radical EPR spectrum.[Taken from [36]]
is in the vicinity of a nucleus with a nuclear spin, it will exhibit hyperﬁne splitting. [35]
This means that the energy levels will be split into 2MI+1 lines, where M is the number
of nuclei, the radical is interacting with and I the nuclear spin of those nuclei. [35] The
material to be analysed was placed into a tube made of synthetic quartz in order to
avoid contamination with paramagnetic impurities. The tube is inserted into a microwave
cavity, which generates a standing wave at the desired frequency. Then the magnetic ﬁeld
strength is scanned and the response recorded. In this work EPR has been used to
investigate the eﬀect of metal doping on the radical character of the material.
2.2.10 Ion Chromatography
Ion Chromatography (IC) can be used for qualitative and quantitative analysis of water
soluble ions in an aqueous solution. [37] An eluent is used as a mobile phase in order to
ﬂush the analyte through a column which contains the stationary phase. Based on their
aﬃnities to the stationary phase, the ions will exhibit diﬀerent elution times and hence be
separated. [37] After passing the column, the ions are fed through a detector. Detectors
in use might be conductivity cells, UV-vis spectroscopes or mass spectrometers. [37] For
anions, anion exchange materials are used as the stationary phase in the column and
for cations, cation exchange materials, respectively. [37] Since each ion has a speciﬁc
elution time and the magnitude of the response is proportional to the concentration in
the analyte, by calibrating the instrument with the known pure ions, the technique is ideal
for quantiﬁcation of water soluble ions with a sensitivity in the parts per billion (ppb)
range. [37]
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Figure 2.17: Representative ion chromatogram of an electrolyte, containing various
ions.
Figure 2.17 shows a representative chromatogram. It can be seen that each ion will
produce a peak, of which the area is correlated with its conentration. The analyte should
be diluted with the eluent, to minimise ﬂuctuation of the column environment upon
injection of the sample. [37] A deﬁned amount of sample is injected into the column by
the instrument and then ﬂushed at a deﬁned pressure and ﬂow rate with the eluent. A
calibration curve with the pure ions at a minimum of 3 diﬀerent concentrations needs to
be recorded in order to correlate the measured peak area with the concentration.
2.2.11 Gas Chromatography
Gas chromatography (GC) can be used for qualitative and quantitative analysis of molecules
that can be evaporated without decomposition, such as volatile organic compounds. [38]
In GC the mobile phase is an inert carrier gas, e.g. He, and the stationary phase a polymer
on an inert matrix. [38] Similar to IC, diﬀerent compounds exhibit diﬀerent elution times,
based on their interaction with the column material. However, unlike IC, the analysis
of uncharged molecules is possible. [38] After passing the column the organic compounds
can be detected. Detectors in use include thermal conductivity detectors (TCD), ﬂame
ionisation detectors (FID) or mass spectrometers. [38]
Figure 2.18 shows a typical gas chromatogram, with cyclohexeneoxide eluting at 12.1 min
and the standard mesitylene at 25.6 min. Identiﬁcation is possible by determining the
elution time of the pure substance under the same conditions, e.g. temperature of column,
evaporation temperature, column type, ﬂow rate of carrier gas etc. [38] In order to be able
to quantify the components, an internal standard can be used. This is a molecule which
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Figure 2.18: Representative gas chromatogram of a crude reaction mixture used in this
work.
has a signiﬁcantly diﬀerent elution time than the other compounds of interest in the
mixture and is chemically stable. [38] The response of the detector can then calibrated
with the relative response factor (RRF) method. [38] This means that a known quantity of
both standard and pure compound to be quantiﬁed are measured in the same run and the
peak heights are correlated. [38] For quantiﬁcation, a known quantity standard is added
to the crude analyte mixture. Due to the knowledge of the relative response factor, the
relative heights of the peaks of the known standard can be correlated to the height of the
compound to be quantiﬁed and hence the amount in the mixture determined [38]. The
relationship to determine the RRF is as follows [38]:
RRF =
Areastandard manalyte
Areaanalyte mstandard
(2.32)
And the amount of an unknown compound quantity in the mixture with a known standard
quantity is then given by [38]:
manalyte = RRF
Areaanalyte mstandard
Areastandard
(2.33)
where RRF is the relative response factor, Areastandard, Areastandard are the peak areas
and mstandard, manalyte the masses in the sample solution of the standard and the com-
pound to be analysed, respectively. In practice, a deﬁned amount of crude sample is
diluted into the sample vial with a common solvent such as acetonitrile (ACN) and the
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standard is added. This sample is then injected into the GC instrument and analysed.
GC has been used in this work to analyse the product mixture of an organic reaction,
performed in presence of the investigated catalysts.
2.2.12 Mass spectrometry
Mass spectrometry (MS) performs the analysis of compounds by ionising them and sepa-
rating the generated ions according to the mass to charge ratio. [39] It allows the qualita-
tive and quantitative determination of molecules with a variety of molecular masses, from
small molecules such as O2 to large organic molecules or proteins. [39] Every molecule has
a fragmentation pattern, which can be compared to a database and used as a ﬁngerprint
to identify unknown compounds. [39] In this work MS has been used to track the gases
released upon TPD and to identify molecules in an organic mixture after separation by
GC. The samples can be directly passed to the MS and ionised in an ionisation chamber.
The resulting ions are then separated according to their mass to charge ratio by passage
through a magnetic ﬁeld, based on the Lorentz law and Newton’s second law. [39] The
separated ions can then be detected and quantiﬁed. [39] Various diﬀerent methods of ion-
isation can be used. [39] Electron ionisation (EI) and electron spray ionisation (ESI) have
been used in the utilised instruments.
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A synthesis procedure for M-N/C catalysts is presented. The oxidative polymerisation
of 1,5-diaminonaphthalene in the presence of a metal salt and subsequent pyrolysis is a
facile way to synthesise active ORR catalysts. The resulting materials are characterised
and it is found that the microporous area seems to be important for a high ORR activity.
The metal centre has a profound eﬀect on the ORR activity and the electronic properties
of the material as determined by EPR. Electron microscopy reveals atomic iron centres
in the Fe-N/C material. The analysis suggests that the catalyst shares the same set of
highly active sites as other high performing catalysts described in literature. This catalyst
is therefore used as a model in order to study the active site in subsequent chapters.
Chapter 3
Synthesis and characterisation of
M-N/C catalysts
3.1 Introduction
Typical routes to the synthesis of highly active non-precious metal catalysts are discussed
in Chapter 1. In short, a carbon support or a template is mixed with a metal source
(typically iron) and a nitrogen source. This precursor mixture is heated under inert
atmosphere at 700 to 1000 °C. [1–3] The resulting material is then leached by heating in
acid. When a template is used, such as SiO2, the catalyst has to be leached with HF in
order to remove the template. [1–3] A second heat treatment has shown to increase the
ORR activity. [1–3] If heated in ammonia gas the activity can be signiﬁcantly increased,
however at the expense of stability. [1–4] It has been speculated that this increase in
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activity comes from the formation of axial ligands, improving electronic structure and
proton transport capability of the active site. [1–4]
Although highly active catalysts have been synthesised, due to the complex composition
in the precursor mixture, it has been challenging to establish structure property relation-
ships. [1–4]
In this chapter a procedure is presented which allows the synthesis of a self-supporting
catalyst. This means the need to include a carbon support or a templating agent is re-
moved. The simpliﬁcation of the synthesis allows identiﬁcation of some structure property
relationships. The material will be physically characterised by various techniques, with
an emphasis on microstructure and the inﬂuence of a metal species on the properties of
the material. It will be shown that this facile synthesis yields a catalyst which is similar
and most likely contains the same types of active sites as other catalysts reported in the
literature. Therefore, the study of the catalyst developed here in the subsequent chapters
can be representative for most M-N/C catalysts, with a focus on atomic Fe-N/C sites.
The chapter builds on result obtained during a preceding masters project, where the study
of diﬀerent precursors led to the discovery that the use of polymerised 1,5-diaminonaphthalene
in combination with a metal as precursor will yield a high surface area material which
does not require addition of carbon black as additive. [5] A general trend has been found
that addition of Fe and Co beyond 1 wt% led to an increase of graphitization, which was
detrimental for the activity. [5] Based on these results, the synthesis has been optimised
and conditions varied to obtain structure property relationship.
3.2 Results and Discussion
3.2.1 A catalyst based on poly-1,5-Diaminonaphthalene and its ORR
activity1
The general procedure to obtain a high surface area catalyst from 1,5-diaminonaphthalene
is shown in Figure 3.1 (a). Catalyst precursors were synthesized in a simple one pot process
at room-temperature by dispersion of an appropriate diamine in ethanol with addition of
ammonium persulfate to promote the formation of oligomers. The formation of oligomers
1This section is largely an excerpt of work published in Ref. [6]
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Figure 3.1: (a) Schematic, depicting the synthesis procedure of the catalyst (b) Scan-
ning Electron Microscopy image of polymerized 1,5-diaminonaphthalene as precursor for
the ODAN catalyst (c) Scanning Electron Microscopy image of ODAN catalyst material
after heat treatment at 1000 °C for 2 h.
was conﬁrmed in a previous study by UV-Vis spectroscopy and mass spectrometry. [5, 6]
After 24h the temperature was raised to 80 °C, thereby removing the solvent. Upon
polymerisation, the precursor formed self-assembled nanospheres, which was veriﬁed by
scanning electron microscopy (Figure 3.1 (b)). The catalyst precursors were then sub-
jected to heat treatment in a tube furnace at 1000 °C in an inert atmosphere for 2 h in
order to obtain the ﬁnal catalysts, with ODAN denoting a catalyst where no additional
transition metal salt was added. The pyrolysis step promotes a number of chemical trans-
formations towards achieving high electrically conductive and high surface area carbon
materials, doped with heteroatoms, e.g. nitrogen and sulphur, which possess a desirable
morphology (Figure 3.1) and a high electrocatalytic activity towards the ORR. The elec-
trical conductivity of ODAN was determined as per modiﬁed literature method to be as
high as 100 S m-1 under a compression of 2 MPa, a value that is comparable to that
measured for highly conductive carbon blacks. [7] In this study, catalysts synthesized with
addition of FeCl2 and CoCl2 to the ethanolic monomer solution and in the absence of an
additional oxidant were also assessed. It was found in previous work that these metal
cation species facilitate the oxidative polymerization. [5] Presumably, this occurs via the
autoxidation to the metal +3 species by oxygen in this solution, a phenomenon already
described for ferrous ions in water. [8] Co and Fe containing catalysts were synthesized
with a high metal content of 2.2/0.9 molar ratio monomer/metal ion or 14 wt% monomer
of Fe denoted as Fe-ODAN-14% and 16 wt% Co respectively denoted as Co-ODAN-
16%. In an optimised procedure 1 wt% of Fe denoted as Fe-ODAN-1% in combination
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with the oxidant (NH4)2S2O8 was used. The surface area of the catalysts was determined
by nitrogen adsorption analysis
Table 3.1: External, microporous and total surface area (SA) of the respective catalysts,
as determined by nitrogen adsorption analysis.
Catalyst External SA [m2g-1] Microporous SA [m2g-1] Total SA [m2g-1]
ODAN 126 488 614
Fe-ODAN-1% 116 362 478
Fe-ODAN-14% 203 188 391
Co-ODAN-16% 38.5 26.5 65.0
The catalyst without any addition of metal salt (ODAN) has a BET surface area as high
as 614 m2 g-1, the catalyst Fe-ODAN-14% 391 m2 g-1, the catalyst Fe-ODAN-1%
493 m2 g-1 and the catalyst Co-ODAN-16% 64 m2 g-1. This suggests that metal ions
promote carbon materials with lower surface areas. The analysis of the external versus
microporous surface area is shown in Table 3.1. While for the catalyst ODAN and Fe-
ODAN-1%, the contributions of microporous surface area is larger than that of external
surface area, it is reversed for the catalysts Fe-ODAN-14% and Co-ODAN-16%. It
seems that the addition of metal salts leads to the formation of a less microporous carbon
framework.
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Figure 3.2: (a) Steady-state RRDE measurements in 0.5 M H2SO4, rotating speed:
1600 rpm, 30 s hold, 30 mV step potential, catalyst loading: non-precious metal catalysts:
750 μg cm-2, Pt/C: 60 μgPt cm-2, O2-saturated at 1 atm (bottom) ORR activity (top)
peroxide yield (b) in 0.1 M NaOH. [Adapted with permission from Ref. [6]]
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The catalytic activity and 4 electron selectivity of the catalysts towards the ORR was
assessed along with a reference Pt/C catalyst using the Rotating Ring Disc Electrode
(RRDE) method, with cross-comparison at 1600 rpm (Figure 3.2). The mass activity
of the Pt/C catalyst at 0.9 V vs RHE is 0.02 A mg-1. This is lower than the 0.07 -
0.18 A mg-1, which is reported as state of the art activities of similar catalysts. [9] This
diﬀerence is attributed to the diﬀerent measurement regime. Here, in order to allow for
a suitable comparison, the RDE measurement was conducted at steady state, i.e. 30 s
hold at the respective potential versus 20 mV s-1(see also 2.1.1). This leads to a lower
activity due to the increasing oxygen coverage at this potential. [9] The adsorbing nature
of the SO2–4 anion as compared to the typically used HClO4 electrolyte further impacts the
activity negatively. [9] However, these conditions were deemed more suitable for a cross
comparison of the NPMCs than the typically employed advantageous conditions used for
the investigation of Pt, as most experiments with NPMCs in literature are conducted in
H2SO4. [18]
To ensure that no ORR active precious metal contamination was introduced into the
electrochemical cell, a RRDE with a glassy carbon disc and gold ring together with a
glassy carbon counter electrode was chosen. Among the various catalysts synthesized, the
metal-free synthesized ODAN showed a remarkably high ORR activity under alkaline
conditions, which surpasses the activity of the Pt catalyst used in this study (Figure 3.2
(b)). Although it has to be mentioned that a higher loading of NPMC was used. It shows
a 40 mV reduction in overpotential (∼70 mV at half-wave potential) vs Pt/C, determined
by extrapolating the tangent at the half wave potential towards zero current. Additionally,
the catalysts ODAN and Fe-ODAN-1% with only 1 wt% Fe perform also well in 0.5 M
H2SO4, conditions that are not an unreasonable representation of the acidic environment
in an operating fuel cell. Fe-ODAN-1% performs slightly better thanODAN and shows
an only ∼50 mV increase in ORR overpotential (∼100 mV at half-wave potential) vs Pt/C
(Figure 3.2 (a)). The oxygen reduction pathway to the desirable water (4e-) versus the
detrimental hydrogen peroxide (2e-) was assessed. For the ODAN catalyst, the electron
tranfer number was assessed indirectly with a Koutecky-Levich analysis to be ∼4 in 0.5 M
H2SO4 and ∼3.6 in 0.1 M NaOH.2 The peroxide yield of the catalysts was determined via
the oxidation at the ring ( 2.1.1). For the catalysts Fe-ODAN-1% and ODAN peroxide
yield is below 4% measured in 0.5 M H2SO4 and below 8% in 0.1 M NaOH, which is
2This is the net electron transfer number and might include the case where H2O2 is produced but
then autocatalytically decomposed within the catalyst layer
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comparable to the Pt catalyst and shows that the reduction favours the formation of
water. The catalysts with a higher metal content Fe-ODAN-14% and Co-ODAN-
16% showed a signiﬁcantly higher peroxide yield, especially in alkaline medium. Striking
is the high peroxide yield of the Co containing catalyst of 20 - 30% in the potential region
between 0.6 V and 0.2 V vs RHE. This selectivity might be exploited to create eﬃcient
hydrogen peroxide forming catalysts.
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Figure 3.3: Tafel -plots3 of selected catalysts in 0.5 M H2SO4 and 0.1 M NaOH corre-
sponding to the measurements in Figure 3.2. [Adapted with permission from Ref. [6]]
The Tafel -plot of the kinetic current density (Figure 3.3) shows the typical 2 slopes for
Pt/C of ∼60 mV dec-1 and ∼120 mV dec-1, both in 0.1 M NaOH and 0.5 M H2SO4. [10]
The catalyst ODAN in 0.5 M H2SO4 as well as in 0.1 M NaOH and the catalyst Fe-
ODAN-1% in 0.5 M H2SO4 are shown in the same plot as the Pt/C catalyst (Figure 3.3)
with Tafel slopes of ∼94 mV dec-1, ∼75 mV dec-1 and ∼89 mV dec-1, respectively.
Table 3.2: Mass activities and volumetric current densities of selected catalysts. Values
taken at the respective potential versus RHE in the RDE setup at room temperature
and are not mass transport corrected.
Catalyst Electrolyte Potential
[V vs. RHE]
Mass activity
[A g-1]
Volumetric
current*[A cm-3]
ODAN 0.5M H2SO4 0.8 0.40 0.16
Fe-ODAN-1% 0.5M H2SO4 0.8 0.67 0.27
Fe-ODAN-14% 0.5M H2SO4 0.8 0.13 0.052
ODAN 0.1M NaOH 0.9 1.1 0.44
Fe-ODAN-1% 0.1M NaOH 0.9 0.065 0.026
Fe-ODAN-14% 0.1M NaOH 0.9 0.67 0.27
* Assuming a catalyst layer density of 0.4 g cm-3
3The kinetic current density was obtained by correcting the RDE data with the well known mass
transport correction as described in 4.4.5.
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To enable comparison to other non-precious metal catalysts, Table 3.2 shows the mass
activities and volumetric current densities of the best catalysts at 0.8 V vs RHE in acidic
and 0.9 V vs RHE in alkaline electrolyte. Durability testing has been performed on
the ODAN catalyst in previous work following a standard DoE protocol. [11] It has been
found that the main degradation takes place during the ﬁrst 100 cycles, approaching a low
level of degradation thereafter. [5, 6] This is important for technological applications. The
high activity of the metal free ODAN catalyst is striking. It is known in literature that
even trace amounts of transition metal contamination can signiﬁcantly increase the ORR
activity. [12] Therefore, the catalyst was subjected to neutron activation analysis (NAA),
a highly sensitive and reliable technique, suitable for trace metal analysis down to the low
ppm level. [13] The NAA result of ODAN afer being subjected to reﬂux in 0.5 M H2SO4
for 8 h shows a concentration of 7 ppm, 10 ppm and 732 ppm by weight of Co, Fe and
Mn, respectively. No other transition metals or precious metals were detected. Therefore,
the higher activity than usually observed for metal free catalysts under acidic conditions
might be due to Mn contamination. In the following section (3.2.2), a metal free catalyst
will be synthesised, where meticulous care will be taken to avoid metal contamination.
This catalyst will show a lower activity.
It is well known in literature that a higher catalyst loading can change the apparent
peroxide yield detected on the ring. [14, 15] If a 2+2 mechanism is present, the thicker
catalyst layer will allow the further reduction of peroxide before it can diﬀuse out of
the layer, thereby reducing the observed yield and making it diﬃcult to assess the true
electron transfer number. [14, 15] Therefore, there might be diﬀerent types of active sites,
as suggested in literature. [16, 17] Firstly the desirable active sites that promote the
true 4 electron pathway. Secondly active sites which predominantly promote a 2 electron
pathway with or without the capability to further reduce peroxide and lastly a type of
active site that predominantly reduces peroxide. [16, 17] All active sites might be present
within the catalyst at the same time. [16, 17] If a high enough number of the 2 electron
active sites is present, a lower loading of catalyst will show a higher measured peroxide
yield at the ring. [16–18]
Therefore, the best performing acid catalyst Fe-ODAN-1% was tested at diﬀerent load-
ings (Figure 3.4). It can be clearly seen that for this catalyst the peroxide yield seems to
be independent of loading. This indicates a high proportion of 4 electron active sites.
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Figure 3.4: Steady-state RRDE measurements in 0.5 M H2SO4 at diﬀerent catalyst
loadings, rotating speed: 1600 rpm, 30 s hold, 30 mV step potential, O2-saturated at 1
atm. [Adapted with permission from Ref. [6]]
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Figure 3.5: Steady-state RDE measurements of Fe-N/C catalyst in 0.5 M H2SO4 after
ﬁrst and second heat treatment, catalyst loading: 750 μg cm-2 rotating speed: 1600 rpm,
30 s hold, 30 mV step potential, O2-saturated at 1 atm.
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As it has been shown in literature, that the performance of the catalyst can be increased
by subjecting it to a second heat treatment step [2], the best acid performing catalyst
Fe-ODAN-1% was subjected to a second heat treatment under nitrogen, at 900 °C for
2 hours. Figure 3.5 shows the eﬀect. A clear increase in activity can be seen. It can
be seen that the catalyst reaches the mass transport limiting region at higher potentials
and a shift in half-wave potetial of ∼70 mV is present. The increase of activity has been
attributed to i) the formation of new active sites, stemming from iron which has been
leached from metallic residual particles and was coordinated by nitrogen functionalities
on the surface. ii) the gasiﬁcation of unstable carbon components which formed after the
acid treatment, improving on the one hand mass transport properties and on the other
hand exposing buried iron sites to the surface. Nitrogen adsorption has been used to
examine the eﬀect of the second heat treatment on the microstructure.
Table 3.3: External, microporous and total surface area (SA) of the Fe-N/C catalyst
after ﬁrst and second heat treatment, as determined by nitrogen adsorption analysis.
Catalyst External SA [m2g-1] Microporous SA [m2g-1] Total SA [m2g-1]
1st heat 116 362 478
2nd heat 38.0 418 457
As can be seen in Table 3.3, the second heat treatment does not signiﬁcantly increase the
total surface area, but signiﬁcantly increases the microporous surface area. This would be
consistent with the notion that the second heat treatment makes active sites accessible,
if those were hosted in the micropores as suggested in literature. [4]
A further investigation into the eﬀect of the second heat treatment is necessary in order
to gain a better understanding. The catalyst Fe-ODAN-1% which was subjected to the
second heat treatment is termed Fe-N/C henceforth throughout this thesis.
To summarise: Active non-precious metal catalysts can be synthesised by polymerising
1,5-diaminonaphthalene in the presence of a transition metal salt, such as FeCl2, and
pyrolising this precursor under an inert atmosphere. The resulting material has a high
surface area and resembles amorphous carbon in its physical properties. The synthesis
has been described and optimised in this section. The catalyst showed a high activity in
alkaline and acid, which is comparable to other high performing Fe-N/C catalyst reported
in literature. A contamination with trace amounts of Mn is presumably the reason for the
high acidic ORR activity of the catalyst without addition of a transition metal salt during
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the synthesis (ODAN). The addition of 1 wt% Fe to the precursor resulted in a material
which showed the highest activity under acidic conditions. A second heat treatment step
improves the activity further.
3.2.2 Eﬀect of metal centre on ORR activity
Due to the fact that the ODAN catalyst showed a signiﬁcant amount of Mn contami-
nation and it is reported in literature that even trace amounts can improve the activity,
the eﬀect of the transition metal centre on the ORR was probed for this catalyst. [12]
The optimised Fe-N/C catalyst was used as a model, where Fe was substituted by other
transition metals. In order to obtain a baseline catalyst, a metal free catalyst N/C was
synthesised, where meticulous care was taken to prevent any transition metal contamina-
tion. The precursor 1,5-diaminonaphthalene was recrystallised twice and an oxidant with
a high purity was used. Furthermore, the glassware was cleaned with concentrated and
oxidising acids. Additionally, catalysts with various 3d, 4d and 5d transition metals were
synthesised, by varying the metal salt, while keeping all other conditions constant.
Table 3.4: External, microporous and total surface area (SA) of the catalysts with
diﬀerent metal centres, as determined by nitrogen adsorption analysis.
Catalyst External SA [m2g-1] Microporous SA [m2g-1] Total SA [m2g-1]
Ir-N/C 106 448 554
Rh-N/C 106 427 533
Ru-N/C 102 258 360
Fe-N/C 38.0 418 457
Mn-N/C 42.0 55.0 98.0
Cr-N/C 65.0 314 379
Ni-N/C 75.0 330 405
Co-N/C 28.8 36.8 65.6
N/C 101 550 651
The resulting materials were all high surface area carbon materials and have been analysed
by nitrogen adsorption. Table 3.4 shows the respective microporous, mesoporous and total
surface area of the materials. It can be seen that while most materials have a comparable
surface area, especially the Mn and Co variants have a signiﬁcantly lower surface area
than the other catalysts. For all materials the microporous surface area is signiﬁcantly
larger than the external surface area. This might be beneﬁcial, if as proposed by Dodelet
et al. the active sites are predominantly hosted in micropores. [4]
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Figure 3.6: Steady-state RRDE measurements of M-N/C catalyst with diﬀerent metals
(M) in 0.5 M H2SO4, catalyst loading: 750 μg cm-2, rotating speed: 1600 rpm, 30 s hold,
30 mV step potential, O2-saturated at 1 atm.
The ORR activity and 4 electron selectivity has been tested with the RRDE method
under acidic conditions as shown in Figure 3.6. Interestingly, all tested metals improve
in ORR activity compared to the metal free reference material. This indicates that the
metals play an important role in promoting a high activity. It also suggests that the
relatively high activity of the ODAN catalyst was caused by the Mn residues. A further
interesting observation is that most materials promote the 4 electron reduction with a
detected peroxide yield of less than 5%, while the catalysts N/C, Ni-N/C, Co-N/C,
Mn-N/C promote a signiﬁcantly higher peroxide yield of 22%, 24%, 24% and 10% at 0.4
V vs RHE, respectively.
Figure 3.7 shows the potential at a current density of 250 μA cm-2, while performing the
ORR in acid versus the ﬁlling of the frontier 3d orbitals. This descriptor has been used
for model macrocyclic complexes. [19] As the current density at which the potential is
compared is <5% of the theoretical mass transport limiting current under these conditions
(∼5.2 mA cm-2)4, contributions from mass transport should be minimised and the current
observed is close to the kinetic ORR current. [21] A higher potential at a given current
4As calculated from the Levich equation (Equation 2.3) for oxygen saturated 0.5 M H2SO4 at ambient
conditions and 1600 rpm. CO2= 1.13·10-3 mol L-1, DO2 = 1.8·10-5 cm2 ss-1, ν = 0.01 cm2 s-1. [20]
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density means a higher activity towards the ORR. It can be seen that the 3d metals
follow a trend which might resemble a Volcano like shape, with iron at the top. The
behaviour is more complex when the 4d and 5d metals are included. This might be
an oversimpliﬁed view of the catalyst, as most likely diﬀerent electronic conﬁgurations
contribute to the overall d-orbital conﬁguration. It is likely that this trend is merely a
coincidence. Nevertheless a clear correlation with the addition of a metal centre and the
ORR activity exists. It is without any doubt that the metal free catalyst has a signiﬁcantly
lower activity than all other investigated catalysts with metal addition.
To summarise: The optimised procedure with 1 wt% metal in the precursor, developed
in 3.2.1, was used to incorporate diﬀerent transition metal centres into the catalyst ma-
terial. It was found that the catalyst without a metal is signiﬁcantly less active than all
other catalysts. For the transition metal containing materials, an activity trend similar
to macrocyclic complexes was found. [19] Amongst the 3d metal centres, Fe showed the
highest activity and 4 electron selectivity.
3.2.3 Elemental composition and surface element distribution of Fe-
N/C and N/C material
In order to understand the inﬂuence of the metal centre on the material properties, the
catalysts Fe-N/C and N/C were analysed by means of TXRF, in order to determine the
trace metal content of these materials. The iron content was determined to be 1.5±0.2
wt% in the Fe-N/C catalyst and 60±20 ppm in the N/C catalyst. Other detected trace
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elements (Zn and Cu) were below the 100 ppm threshold in the analysed catalysts, a value
suggested to diﬀerentiate between metal free and metal containing catalysts. [12, 22]
Further insight on the surface element distribution can be gained via XPS.5
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Figure 3.8: XPS wide scan of Fe-N/C catalyst. [Taken with permission from Ref. [6]]
Figure 3.8 shows the wide scan of Fe-N/C. The detected elements at the surface were
C, N , O , S and a small amount of Fe.
Table 3.5: Surface element content as detected by XPS.
Catalyst C [at%] N [at%] O [at%] S [at%] Fe [at%]
Fe-N/C 86.2 4.0 7.6 2.1 0.2
N/C 90.4 5.6 2.4 1.6 0.0
Table 3.5 shows a comparison of the elemental composition of the catalysts Fe-N/C and
N/C within the topmost ∼10 nm from the surface. It can be seen that the composition of
the non-metallic components is similar. A slightly higher amount of N is detected within
the metal free catalyst, while the iron containing materials additionally shows ∼0.2 at%
or ∼0.9 wt% (with respect to C) of Fe. This means that in the top most 10 nm of the
material, the iron content is lower than in the bulk, as detected by TXRF (1.5%). This
indicates that at the surface accessible to the reactants, the iron content might be even
lower.
In order to understand, whether the material contains nitrogen species capable of coordi-
nating Fe, in order to form the proposed FeN4 active sites, the N 1s peak is deconvoluted
in Figure 3.9. The nitrogen species detected were 25% pyridinic, 11% pyrrolic, 45% qua-
ternary, 14% NO2
– , 5% NO. This shows that the Fe-N/C material has the necessary
5The XPS analysis is an excerpt from Ref. [6]. Experiments and data analysis were carried out by Dr.
Emmanouil Symianakis. Interpretation and context was provided by the author.
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Figure 3.9: High resolution N1s XPS spectrum of Fe-N/C catalyst with the peaks
deconvoluted into pyridinic, pyrrolic, quarternary and oxidised nitrogen species. [Taken
with permission from Ref. [6]]
properties to form FeN4 sites, namely surface Fe species, pyrrolic or pyridinic nitrogen
species, a high content of micropores and a conductive amorphous carbon framework.
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Figure 3.10: High resolution S2p XPS spectrum of Fe-N/C catalyst.[taken with per-
mission from Ref. [6]]
Interestingly, examination of the sulphur 2p peak (Figure 3.10) reveals two main contri-
butions of sulphur that can be assigned to aromatic sulphur or thiophene and sulfones or
sulphates, respectively. [23] It is likely that all the sulphur introduced by the persulphate
species used for oxidative polymerization is either decomposed or completely incorporated
into the carbon framework as aromatic sulphur and the sulphate present on the surface
is due to leaching with sulphuric acid. This is deduced because of the lack of a sulphate
peak in a none acid-leached sample.
To summarise: The iron content of the Fe-N/C (1.5±0.2 wt%) andN/C (60±40 ppm)
was determined by TXRF and their surface element distribution with XPS. It was found
that the Fe-N/C catalyst has all necessary constituents to form a highly active catalyst
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in terms of nitrogen functionalities, iron content and microstructure. Aromatic sulphur
was found in both catalysts.
3.2.4 Eﬀect of nano-MgO template and S doping on ORR activity
In order to probe possible eﬀects of the microstructure on the catalytic activity of the
material, the catalyst Fe-N/C was synthesised in the presence of MgO nanoparticles to
obtain catalyst MgO APS 1. The nanoparticles are believed to act a template and were
added to the precursor mixture during the polymerisation step with ammonium persulfate
(APS) (see 3.2.1). During the polymerisation, the naoparticles act as a template and upon
pyrolysis can have beneﬁcial inﬂuence on the microstructure. After the heat treatment
step, the template was removed during the acid leaching step in 0.5 M H2SO4. A second
heat treatment was performed on this catalyst to obtain MgO APS 2. Additionally to
probing the eﬀect of the microstrucuture on the ORR activity, the inﬂuence of sulphur
doping has been investigated. This has been done by changing the oxidant from sulphur
containing APS to H2O2, to obtainMgO H2O2 1. MgO H2O2 1 was then acid leached
in 0.5 M H2SO4 to remove the template. As second heat treatment of MgO H2O2 1 gave
MgO H2O2 2. A totally sulphur free catalystMgO H2O2 2 HCl has been synthesised
by swapping the acid in the leaching step from 0.5 M H2SO4 to 0.5 M HCl.
Table 3.6: External, microporous and total surface area (SA) of templated catalysts,
as determined by nitrogen adsorption analysis.
Catalyst External SA [m2g-1] Microporous SA [m2g-1] Total SA [m2g-1]
Fe-N/C 38.0 418 457
MgO H2O2 1 505 450 955.0
MgO H2O2 2 570 532 1102
MgO APS 1 505 606 1113
MgO APS 2 570 679 1249
Table 3.6 shows the surface area contribution for the templated and the untemplated ma-
terial. Interestingly, although the total surface area more than doubles for the templated
(∼1000 m2 g-1) versus non-templated material (< 500 m2 g-1), the increase in microporous
surface area is moderate. All templated catalysts show a large external surface area of >
500 m2 g-1. It might be concluded that the addition of the template with nanoparticle
sizes in the range of ∼50 nm facilitates a signiﬁcant increase in total BET surface area
with the majority of this increase as external surface area.
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Figure 3.11: (a) Steady-state RDE measurements of M-N/C catalyst with and without
nano-MgO template in 0.5 M H2SO4, catalyst loading: non-precious metal catalysts 750
μg cm-2, Pt/C 60 μgPt cm-2, rotating speed: 1600 rpm, 30 s hold, 30 mV step potential,
O2-saturated at 1 atm. (b) Normalised RDE measurements in 0.5 M H2SO4 of diﬀerent
nano-MgO templated catalysts, 5 mV s-1, background corrected cathodic cycle, catalyst
loading: 750 μg cm-2, O2-saturated at 1 atm
The ORR activity of templated compared to non-templated catalyst and the reference
Pt/C catalyst in 0.5 M H2SO4 is shown in Figure 3.11 (a). It can be seen that there
is no signiﬁcant increase in activity in the kinetic region. Only at higher currents, the
templated material seems to perform ”better”. Better in this sense means a higher current
at higher potential. Moreover, it can be seen that the limiting current achieved by the
templated material surpasses the theoretical limiting current under these conditions (∼5.2
mA cm-2)6. This phenomenon can be explained by inhomogeneities in the catalyst layer
of the templated material. If the catalyst layer contains features which can penetrate
the diﬀusion layer (∼10 μm under the utilised conditions), a higher apparent surface area
will be accessible to the reaction and hence a higher limiting current is the result. Since
the nanoparticles used to synthesise the templated catalysts are in the 50 nm range, it
might be possible that the catalyst layer contains features of this length scale which might
penetrate the diﬀusion layer and lead to the observed increase in limiting current. The
absence of a higher activity in the templated catalyst, while showing a more than 2 fold
increase in total BET surface area is striking. The fact that the microporous surface areas
of the templated and non-templated catalyst are similar, supports the hypothesis of an
active site which is hosted in the micropores.
The eﬀect of sulphur doping on the ORR activity in 0.5 M H2SO4 is presented in Fig-
ure 3.11 (b). The diﬀerent limiting currents have been accounted for by rationing the
6As calculated from the Levich equation (Equation 2.3) for oxygen saturated 0.5 M H2SO4 at ambient
conditions and 1600 rpm. CO2= 1.13·10-3 mol L-1, DO2 = 1.8·10-5 cm2 ss-1, ν = 0.01 cm2 s-1. [20]
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measured currents to the respective limiting currents to obtain the ”Normalised Current”
for all measurements. It can be seen that there is no signiﬁcant diﬀerence in the kinetic
current (i. e. 5% of limiting current as indicated in Figure 3.11 (b)) in catalysts in the
presence or absence of sulphur during the heat treatment. For both materials a second
heat treatment improves the activity and increases the microporous surface area. The
reason for the slightly lower activity of the catalyst treated with HCl instead of H2SO4
might be that in the presence of chloride catalytically active Fe ions are leached more
eﬀectively from the material.
To summarise: The eﬀect of surface area and microstructure was investigated by using
MgO nanopowder as templating agent. It was found that the total surface area does not
seem to correlate with the electrochemical activity. A correlation with the microporous
surface area might be present, supporting the hypothesis of active sites hosted in microp-
ores. [4] The eﬀect of aromatic sulphur on the ORR activity in acid was investigated. No
signiﬁcant eﬀect was found.
3.2.5 Electronic structure (EPR) of selected catalysts
In order to investigate the eﬀect of a metal centre on the electronic properties of the
material, selected catalysts were investigated using electron paramagnetic resonance.7
It can be seen in Figure 3.12 (a) that the metal free N/C catalyst exhibits a clear radical
signal. It resembles the signal of a carbon centred radical typically found in amorphous
carbon materials. Interestingly, the absence of a hyperﬁne splitting suggests that the
radical does not occupy the vicinity of nitrogen atoms, which have a nuclear moment of I
= 1 and therefore a splitting in 3 lines would be observed. [24] Interestingly, the addition
of metal ions Fe (Fe-N/C) and Mn (Mn-N/C) signiﬁcantly broadens the radical signal.
This indicates a profound eﬀect of the transition metal on the electronic structure of the
carbon. To exclude that this eﬀect was due to an independent interaction of Fe2+ or
Fe3+ ions, those were added to the metal free catalyst and an EPR scan was conducted.
In Figure 3.12 it can be clearly seen that post-synthetic addition of metal ions does
not alter the signal in the same profound way when the metal was added prior to heat
treatment. This supports the notion that the metal ion indeed alters the properties of the
free electrons in the structure.
7EPR was conducted at the national EPR facility in Manchester with the support of Daniel O Sells.
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Figure 3.12: (a) X-band EPR spectra of (M)-N/C catalysts with and without metal
centre, recorded at room temperature. (b) X-band EPR spectrum of N/C catalysts with
and without post-synthetic addition of iron species, recorded at room temperature.
Table 3.7: g-values for radical signal of diﬀerent catalysts at room temperature.
Sample g-value
N/C 2.04
Fe-N/C 2.01
Mn-N/C 2.02
In Table 3.7 it can be seen that the g-values are close to that of the free electron (2.02).
These values should be taken with care, as tuning of the microwave cavity was challenging
and more repeat experiments would be necessary in order to conﬁrm the results. However,
the signiﬁcant eﬀect on the signal width is clear.
Taking a closer look at the Mn spectrum (Figure 3.13), it is discernible that a hyperﬁne
splitting might be present in the spectrum. Mn has a nuclear magnetic moment of I
= 5/2, which should split the signal into 6 lines. [24] These lines can be seen in the
spectrum. A lower temperature measurement might reveal whether this is an artefact or
a real signal. If it was true, this would be signiﬁcant, as it would mean that the metal
centre would interact with the radical signal and might give a clue on the source of the
increased catalytic activity, when adding a metal. Further investigation is necessary.
A lower temperature measurement (77 K) was conducted for the Fe-N/C catalyst. It
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Figure 3.13: X-band EPR spectrum of Mn-N/C catalyst, recorded at room tempera-
ture.
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Figure 3.14: X-band EPR spectra of Fe-N/C catalyst under varying conditions,
recorded at 77 K.
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can be seen in Figure 3.14 that the signal width reduces upon lowering the temperature.
An experiment was conducted where the catalyst was measured when exposed to the
atmosphere (Figure 3.14 (top)), then when it was evacuated and heated to remove po-
tentially adsorbed oxygen (Figure 3.14 (middle)), and ﬁnally when the catalyst was again
subjected to the atmosphere (Figure 3.14 (bottom)).
Table 3.8: g-values of Fe-N/C radical signal under diﬀerent conditions at 77 K.
Sample g-value
Fe-N/C atmosphere 1.86
Fe-N/C evacuated 1.87
Fe-N/C reaerated 1.87
Table 3.8 shows the respective g-values. A signiﬁcant shift can be observed, as compared
to the room temperature measurement. Furthermore, the initial catalyst shows a second
signal at g = ∼4.18. These 2 g values ∼1.9 and ∼4.2 are typical for rhombohedral iron
complexes. [24] However, the second signal disappears upon evacuation and does not
reappear upon aeration. Therefore, this second signal was either an artefact or it takes
a certain amount of time before the catalyst reorganises into its ”rhombohedral” state
when re-aerated. A follow up study would be necessary to conﬁrm these ﬁndings.
To summarise: EPR has been used to study the eﬀect of a metal centre on the elec-
tronic properties of the material. It was found that the incorporation of a metal centre
profoundly changes the EPR signal, which suggests that the radical signal might play a
role in the ORR activity of the signal. The incorporation of Mn shows some sort of hy-
perﬁne interaction, which indicates that the metal might directly interact with the radical
signal. A study at 77 K reveals the possible existence of a rhombohedral iron species and
further investigations might yield insight into crucial insight on the source of the catalytic
activity.
3.2.6 Microstructure and element distribution (STEM and EELS) of
the Fe-N/C and N/C catalysts
Further insight into the microstructure and element distribution within the materials
was obtained with high resolution TEM and STEM in combination with EDS and EELS
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spectroscopy.8
Figure 3.15: (a), (b) Representative high resolution TEM images of the Fe-N/C cata-
lyst, showing the absence of solid inclusions or nanoparticles and the amorphous struc-
ture. inset (a) high resolution EDX of region corresponding to image (a) clearly showing
the presence of iron. (c) and (d) high resolution STEM images of Fe-N/C catalyst. [Taken
with permission from Ref. [25]]
Figure 3.15 shows representative TEM and STEM images of the Fe-N/C material. It
can be seen that there are no signiﬁcant encapsulated carbide phases visible, while iron
is clearly present as conﬁrmed by high resolution EDS (inset Figure 3.15 (a)). This
indicates highly dispersed iron. If present in large quantities, nanoparticles should be
visible in the images at this resolution, as observed for some types of Fe-N/C catalysts
(see 1.7.4). [26–29] It is therefore inferred that these phases are not the predominant
source of the activity and the iron sites in the Fe-N/C material are likely similar to those
reported for the catalysts of the LANL and Dodelet groups [28, 30, 31], namely atomic
FeNx sites. The presence of such sites is supported by the fact that it has been shown
in various studies that diﬀerent preparation methods lead to common sites. [32–34] The
absence of ordered nanoparticulate phases such as Fe3C, FeN or Fe2O3 is also supported
8Images and spectroscopy in Figures 3.15 and 3.16 were collected with the support of Dr. Catriona
McGilvery and Dr. Mahmoud Arkadani (Imperial College London). Data in Figures 3.17 to 3.20 were
collected at the national SuperSTEM facility in Daresbury. Data analysis and interpretation were provided
by Dr. Fredrik Hage (SuperSTEM Daresbury).
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by the fact that no crystallinity indicative of such nanophases was detected in various
diﬀerent TEM images from diﬀerent regions within the same material. [28, 30, 31]
Figure 3.16: (a) TEM image of Fe-N/C material. (b) Representative analysis of the
lattice spacing of some ordered domains within the material. [Taken with permission
from Ref. [25]]
Where ordered domains have been identiﬁed by TEM, it has been validated that those
resemble stacked graphene sheets, typically found in amorphous carbon, where some short
range order is present. Figure 3.16 shows a representative TEM image which shows a
region with short range ordering and the respective analysis of the lattice spacing. The
determined distance of 0.356 nm is typical for values found in carbons and signiﬁcantly
larger than the values typically found for metallic nanoparticles in this type of material
(<0.300 nm). [29, 35]
a) b)
c)
Fe L2/3
Figure 3.17: (a) HAADF STEM image of Fe-N/C material. (b) Representative EELS
spectrum of the respective pixels in image (c). (c) left : pixel area over which EELS
spectra were collected, right : EELS map of the Fe L2/3 peak, corresponding to area
shown on the left.
In order to gain further insight and possible visualise atomic iron centres, high resolution
HAADF STEM images of the Fe-N/C catalyst were collected. Figure 3.17 (a) shows the
HAADF STEM image of a typical thin area within the material. It can be clearly seen
that spots with higher contrast to the carbon background are visible. It was attempted
to identify the bright spots. For this the highlighted area, in which such bright spots can
be found, in Figure 3.17 (a) was mapped with EELS for the presence of Fe. Figure 3.17
Chapter 3: Synthesis and characterisation of M-N/C catalysts 169
(b) shows a typical EELS spectrum with an Fe L2/3 peak. The intensity of this peak was
mapped over the highlighted area as shown in Figure 3.17 (c). It can be clearly seen that
the bright spot coincides with a high Fe peak intensity. The diameter of the bright spot
is ∼0.3 nm. This suggests that at least some of those bright spots are indeed atomic iron
centres, as iron has an atomic radius of ∼0.14 nm. [36]
a) b)
c) d)
Figure 3.18: (a) HAADF STEM image of Fe-N/C material. (b) Fe L2/3 EELS map of
the highlighted region. left : representative EELS spectra of 2 distinct regions, showing
the presence (blue spectrum) and absence (black spectrum) of iron in the respective
region. (c) and (d) HAADF STEM images of a particularly thin region in the Fe-N/C
sample.
The HAADF STEM image of a second area is shown in Figure 3.18 (a). Again the
presence of Fe in the bright spot was conﬁrmed via EELS mapping analogous to the
procedure described above. Figure 3.18 (b) shows a line scan over the fringes of what
seems to be graphene layers, stacked in a short range ordering. It can clearly be seen
that the bright spot shows an Fe EELS signal, while in a slightly diﬀerent area no Fe
is detected. This supports the presence of atomic iron, while also showing that on the
nanoscale the distribution is not homogeneous. Figure 3.18 (c) and (d) shows the HAADF
STEM images of a thinner region. Unfortunately, the identity of the bright spots could
not be conﬁrmed due to a drift in the sample. However, at least some of the bright spots
seem to be contaminant Si atoms, as veriﬁed by EELS.
Figure 3.19 (a) shows another region within this material. This time 2 small bright
clusters are visible, with a size of approaching 1 nm. Is might be that these bright spots
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a) b)
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Figure 3.19: (a) HAADF STEM image of Fe-N/C material showing the possible ex-
istence of iron clusters. (b) Magniﬁed HAADF STEM image of region over which two
EELS spectra were recorded, highlighted in blue and black, red circles indicate possible
iron clusters. (c) EELS spectra blue and black, corresponding to the respective areas in
(b).
are clusters of few Fe atoms. EELS spectra averaging the area of the image with the
clusters and without the clusters were taken (Figure 3.19 (b)). It can be seen that in
the area where the spots are present (blue), a clear Fe signal is present, while in the area
without the clusters (black), no signal is present. However, the blue area shows a higher
proportion of bright spots that are smaller, and could be atomic centres, as well.
Figure 3.20: (a) HAADF STEM image of N/C material. (b) EELS spectrum of region
shown in (a). (c) Intensity of C, Si and N EELS peaks over line scan, indicated in (a).
(d) Intensity of Fe L2/3 peak. No iron detected in the sample.
For comparison HAADF STEM images were taken from the N/C catalyst as well (Fig-
ure 3.20 (a)). In general the microstructures of the two materials are comparable. However
no iron was detected within the N/C material. Some bright spots were found to be Si
contaminants.
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To summarise: Extensive high resolution microscopy of the Fe-N/C material shows
the clear absence of nanoparticulate crystalline iron phases, while ﬁnely dispersed iron
was detected by EDS. HAADF STEM in combination with EELS veriﬁes the presence
of atomic iron centres. Clusters of few iron atoms might be present as well. The N/C
catalyst has a similar carbonaceous microstructure, without the iron centres.
3.2.7 MEA Single Cell testing
Finally the Fe-N/C catalyst has been tested in a single cell in order to verify its appli-
cability as fuel cell catalyst.
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Figure 3.21: H2/O2 steady-state polarization plot for MEAs comparing a brush painted
cathode of Fe-ODAN-1% (4 mg cm-2) to a commercial Pt cathode (0.4 mgPt cm
-2). 80
°C cell temperature. 100% RH and 2 bar back-pressure (gauge) for both gases.
Figure 3.21 shows a H2/O2 polarisation curve of the Fe-N/C cathode catalyst in com-
parison to a state of the art Pt/C catalyst under the same conditions. The cathode was
prepared by homogeneously brush painting the Fe-N/C catalyst onto a GDL/MPL at
a loading of 4 mg cm-2, while the commercial reference state of the art Pt cathode had
loading of 0.4 mgPt cm
-2. Both MEAs utilised a commercial Pt cathode as anode as well.
The excessively high Pt anode loading ensured, that the measured kinetic losses were due
to the cathode side. While the Fe-N/C catalyst is far away from the performance of a
state of the art Pt cathode, it shows a signiﬁcant activity. Although it does not match
the activity of the best performing Fe-N/C catalysts in literature it reaches a reasonable
activity within this group of materials. [1] An ionomer to carbon (I/C) ratio of 1:1 was
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chosen for this MEA. A detailed electrochemical impedance study of MEAs operated with
diﬀerent non-precious metal catalysts is presented in Chapter 8.
To summarise: The Fe-N/C catalyst can be used in an MEA with reasonable activity
for this type of material.
3.3 Conclusions
A methodology has been presented, where 1,5-diaminonaphtalene is oxidised in the pres-
ence of a metal salt with 1 wt% metal content in the precursor. The pyrolysis of this
material with intermediate acid leaching and reheat treatment yields a conductive car-
bonaceous high surface area material. The microsstructure resembles that of other carbon
blacks. The material has a high microporosity.
The ORR activity has been determined and an optimised synthesis procedure was devel-
oped. Utilising this optimised procedure, diﬀerent transition metal centres were incor-
porated into the material, and the ORR activity has been determined as a function of
these metal centres. It has been found that among the 3d elements, Fe shows the highest
activity.
The eﬀect of microstructure has been investigated by producing a templated catalyst
with a diﬀerent surface area and porosity. It has been found that a higher surface area is
not correlated with a higher activity, but the microporous surface area seems to play an
important role.
The Fe-N/C catalyst was singled out for in depth investigation together with a metal
free N/C catalyst for comparison.
Elemental analysis has been conducted for trace iron content (TXRF) and for surface
element species (XPS). It has been found that the Fe-N/C catalyst contain all necessary
requirements to form FeN4 sites as described in literature.
EPR has been performed and it was found that addition of a metal has a profound eﬀect
on the electronic properties of the catalyst. It seems that unpaired electrons are present
in both metal containing and metal free samples. However, the signal is broadened in the
presence of Fe or Mn. The unpaired electrons seem to reside close to the metal centre as
suggested by hyperﬁne splitting.
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Finally, electron microscopy (TEM and STEM) in combination with spectroscopy (EDS
and EELS) has identiﬁed atomic iron centres within theFe-N/C material. Furthermore,
the material was free of nanoparticulate crystalline iron species, which was one type of
active site suggested in literature. However, small (≤1 nm) iron clusters seem to be
present within the material.
In conclusion, the material synthesised here seems to be very similar to other M-N/C
catalysts presented in literature, where the FeN4 centres have been identiﬁed. Therefore,
further study of the active site within this material should be transferable to the majority
of catalysts. Applicability of conclusions for this active site to other M-N/C materials
will be conﬁrmed in the relevant chapter (Chapter 6).
3.4 Experimental Part
Background information on the experimental techniques described herein and the equiv-
alent sections in the other results chapters can be found in (Chapter 2).
The procedures described here are representative for the equivalent procedures used in
other chapters of the thesis. Henceforth only speciﬁc diﬀerences for methods already
described are mentioned in the respective experimental parts. As an example, for the
RRDE/RDE this is the preparation of electrolytes, use of other reference electrodes,
speciﬁc electrochemical cycling protocols etc..
3.4.1 Catalyst Synthesis
ODAN: 1,5-diaminonaphthalene (500 mg, 3.16 mmol) and (NH4)2S2O8 (500 mg, 2.19
mmol, 98% Alfa Aesar) were dispersed in EtOH (50 mL, absolute VWR). The dispersion
was stirred for 24 h at room temperature to obtain oligomers of 1,5-diaminonaphtalene.
Then the mixture was heated to 80 °C in order to completely evaporate the solvent and
drive the polymerization of the oligomers. When dry the resulting grey powder was heated
in the tube furnace to 1000 °C at a heating rate of 20 °C min-1 and held there for 2 h.
An alumina boat was used as crucible. The resulting black powder was reﬂuxed for 8 h
in 0.5 M H2SO4 to remove any metal impurities. After ﬁltering and drying in the oven at
60 °C overnight, the catalyst ODAN (143 mg) was ready to use.
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Fe-ODAN-14%: 1,5-diaminonaphtalene (350 mg, 2.20 mmol, 98% Alfa Aesar) and FeCl2
(114 mg, 0.900 mmol, anhydrous Sigma-Aldrich) were dispersed in EtOH (50 mL, absolute
VWR). The dispersion was stirred for 24 h at room temperature to obtain oligomers of
1,5-diaminonaphtalene. Then the mixture was heated to 80 °C in order to completely
evaporate the solvent and drive the polymerization of the oligomers. When dry the
resulting dark violet residue was heated in the tube furnace to 1000 °C at a heating rate
of 20 °C min-1 and held there for 2 h while supplying a constant stream of inert nitrogen
gas (BOC N6.0 grade). An alumina boat was used as crucible. The resulting black powder
was reﬂuxed for 8 h in 0.5 M H2SO4 to remove residual metal. After ﬁltering and drying
in the oven at 60 °C overnight, the catalyst Fe-ODAN-14% (192 mg) was ready to use.
Co-ODAN-16%: The catalyst was synthesised in the same way as Fe-ODAN-14%,
with the diﬀerence that FeCl2 was replaced with CoCl2 · 4H2O (214 mg, 0.900 mmol, 99
% Sigma-Aldrich) to obtain Co-ODAN-16% (113 mg).
Fe-ODAN-1%: In a 250 mL round bottom ﬂask, 1,5-diaminonaphtalene (1 g, 6.32
mmol, 98% Alfa Aesar) was dissolved in Ethanol (220 mL, absolute VWR). A solution
of FeCl2 · 4H2O (35.6 mg, 0.200 mmol, 98 % Sigma-Aldrich) dissolved in ethanol (20 mL,
absolute VWR) was added to the solution. After 10 Minutes NH4S2O8 (1g, 4.38 mmol,
99.9 % Sigma-Aldrich) dissolved in H2O (10 mL, MilliQ 18.2 MΩ cm) was also added.
The mixture was stirred for 22h. The solvent was removed under reduced pressure and
the remaining black powder was subjected to heat treatment in a tube furnace to 950 °C
at a heating rate of 20 °C min-1 and held there for 2h while supplying a constant stream
of inert nitrogen gas (BOC N6.0 grade). A quartz boat was used as crucible. The boat
was thoroughly cleaned in aqua regia before use, in order to avoid cross contamination
with transition metals. The resulting black powder was reﬂuxed for 8 h in 0.5 M H2SO4
to remove residual metal. After ﬁltering and drying in the oven at 60 °C overnight, the
catalyst Fe-ODAN-1% (660 mg) was ready to use.
Fe-N/C: The catalyst Fe-ODAN-1% was heat treated for a second time in the tube
furnace with a heating rate of 20 °C min-1 held at 900 °C for 2 h. After cooling down the
catalyst Fe-N/C was ready to use.
Co-N/C: The catalyst was synthesised in the same was as Fe-N/C, with the diﬀer-
ence that FeCl2 · 4H2O was replaced with CoCl2 · 6H2O (40 mg, 0.17 mmol, 98% Sigma-
Aldrich) to obtain the Co-N/C catalyst (645 mg).
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Rh-N/C: The catalyst was synthesised in the same was as Fe-N/C, with the diﬀerence
that FeCl2 · 4H2O was replaced with RhCl3 · xH2O (26 mg, 99.8% Sigma-Aldrich 40 %
Rh) to obtain the Rh-N/C catalyst (634 mg).
Ru-N/C: The catalyst was synthesised in the same was as Fe-N/C, with the diﬀer-
ence that FeCl2 · 4H2O was replaced with RuCl3 · xH2O (23.5 mg, ReagentPlus® Sigma-
Aldrich 38% Ru) to obtain the Ru-N/C catalyst (687 mg).
Mn-N/C: The catalyst was synthesised in the same was as Fe-N/C, with the diﬀerence
that FeCl2 · 4H2O was replaced with MnCl2 (23.0 mg, 0.18 mmol, purum anhydrous
Sigma-Aldrich) to obtain the Mn-N/C catalyst (634 mg).
Ni-N/C: The catalyst was synthesised in the same was as Fe-N/C, with the diﬀerence
that ceNiCl2*6H2O (40.4 mg, 0.17 mmol, ReagentPlus® Sigma-Aldrich) to obtain the
Ni-N/C catalyst (678 mg).
Cr-N/C: The catalyst was synthesised in the same was as Fe-N/C, with the diﬀerence
that ceCrCl3*6H2O (51.25 mg, 0.17 mmol, ReagentPlus® Sigma-Aldrich) to obtain the
Cr-N/C catalyst (678 mg).
Ir-N/C: The catalyst was synthesised in the same was as Fe-N/C, with the diﬀerence
that IrCl3 · xH2O (23 mg, ReagentPlus® Sigma-Aldrich) to obtain the Ir-N/C catalyst
(634 mg).
N/C: This catalyst was synthesised in the same way as Fe-N/C, with the diﬀerence
that no metal salt was added to the reaction mixture. Additionally, in order to minimise
trace metal contamination, the 1,5-diaminonaphthalene (98% Alfa Aesar) was recrystal-
lized from ethanol (absolute, VWR) twice before use. Futhermore, the NH4S2O8 (BioX-
tra, >98.0% Sigma-Aldrich) utilised contained less than 5 ppm trace metal impurities.
Moreover, all glassware was meticulously cleaned with aqua regia, a 1:1 solution of 2 M
H2SO4/30 wt% H2O2 and ultrapure water (MilliQ 18.2 MΩ cm) before use.
MgO APS 1: In a 250 mL round bottom ﬂask, MgO nanoparticles (1g, <60 nm Sigma-
Aldrich) were dispersed in ethanol (250 mL, absolute VWR) and 1,5-diaminonapthalene
(1g, 6.3 mmol, 98% Alpha Aeser) was added. The mixture was stirred for 15 minutes in
order to completely dissolve the diamine. FeCl2 · 4H2O (40 mg, 0.17 mmol, 98% Sigma-
Aldrich) was dissolved in ethanol (20 mL, absolute VWR). The solution was added to the
diamine solution. It was stirred for 15 minutes in order to ensure a homogeneous dispersion
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of the catalyst. 1g (4.3 mmol) of (NH4)2S2O8 (98% Sigma-Aldrich) was dissolved in 10 mL
H2O (MilliQ 18.2 MΩcm) and added to the ethanolic solution. The mixture was stirred
for 22h to allow polymerisation. The solvent was then removed under reduced pressure.
The remaining black solid was heated at 20 °C min-1 to 950 °C under a constant stream
of inert nitrogen (BOC N6.0 Grade) in a tube furnace (Carbolite). The temperature
was held for 2 h and the reaction was cooled to room temperature overnight. The black
product was then reﬂuxed in 0.5 M H2SO4 for 8 h to remove any residual metal. After
drying in the oven at 60 °C overnight, the catalyst (300 mg) was ready to use.
MgO H2O2 1: 50 mg of MgO APS 1 was heated at 20 °C min-1 to 950 °C under a
constant stream of inert nitrogen (BOC N6.0 grade) in a tube furnace (Carbolite). The
temperature was held for 2 h and the reaction was cooled to room temperature overnight.
The product 47 mg was ready to use.
MgO H2O2 2: 50 mg of MgO H2O2 1 was heated at 20 °C min-1 to 950 °C under a
constant stream of inert nitrogen (BOC N6.0 grade) in a tube furnace (Carbolite). The
temperature was held for 2 h and the reaction was cooled to room temperature overnight.
The product (42 mg) was ready to use.
MgO H2O2 2 HCl: Was synthesised in the same way as MgO H2O2 2, but 0.5 M
HCl was used for the acid leaching step instead of 0.5 M H2SO4
3.4.2 RRDE/RDE measurements
The electrochemical experiments were conducted with the Rotating Ring Disk Electrode
(Pine Instruments, model AFE6R1AU with a mirror polished glassy carbon as disk and
rotator model AFMSRCE) similar to literature procedures. [10, 37] The inks utilised con-
sisted of 1 wt% catalyst in a 1:1 volume ratio mixture of IPA (VWR):H2O (MilliQ 18.2
MΩ cm) with a Naﬁon™ (from 5 wt% in lower aliphatic alcohols, Sigma-Aldrich) to cat-
alyst weight ratio of 1:1. This composition was found to give a uniform catalyst layer,
which was characterised under an optical microscope. The respective amount of catalyst
was deposited on the glassy carbon disk by drop casting the respective amount ink onto
the electrode disk, which was mounted upside down. The catalyst layer was then dried
under a rotation of 300 rpm. The reference platinum catalyst was 60 wt% Pt on high
Chapter 3: Synthesis and characterisation of M-N/C catalysts 177
surface area carbon from Johnson Matthey (HiSpec 9100, Alfa Aesar). A three compart-
ment electrochemical glass cell was used. The electrolytes were prepared by diluting the
concentrated reagent with ultra-pure water (MilliQ 18.2 MΩ cm) to the necessary de-
gree; 0.5 M H2SO4 (H2SO4 97% Aristar from VWR), 0.5 M HCl (HCl 37% from VWR),
0.1 M NaOH (NaOH 97% from Sigma-Aldrich), Ringers solution (Sigma Aldrich). The
RHE reference electrode (GaskatelHydroFlex) was ionically connected to the main com-
partment of the electrochemical glass cell via a Luggin-Haber -Capillary. A glassy carbon
rod was used as counter electrode and ionically connected to the main compartment of
the glass cell through a porous frit. Glassy carbon was used instead of Pt in order to
avoid contamination with catalytically active precious metals. A potentiostat (Autolab,
model PGSTAT20) was used for potential or current control during the electrochemical
measurements. Steady state oxygen reduction reaction polarization curves, performed in
O2-saturated electrolyte solutions were obtained via step potentials of 30mV with waiting
time of 30 seconds. Ultrapure gases, Nitrogen and Oxygen (BIP plus-X47S, Air products),
were used to purge the electrolytes. It was found necessary that a cleaning protocol was
performed for all electrochemical experiments in order to achieve a stable baseline. The
procedure consisted of extensive cycling, alternating between N2-saturated electrolyte at
100 mV s-1 (20 cycles) and 10 mV s-1 (10 cycles) and O2-saturated electrolyte at 5 mV s
-1
(6 cycles), in the potential window 1.05 - -0.4 V vs RHE. This was repeated until stable
non changing oxygen reduction performance and cyclic voltammograms under nitrogen
were achieved (3 - 4 times). Where iR free potentials (EiR-free) are reported the potential
(E) was corrected to be EiR-free = E - I*R, where I is the measured current and R the
solution and lead resistance, as determined by electrochemical impedance spectroscopy
(FRA module, Autolab, PGSTAT20) as described in literature. [38]
3.4.3 SEM
Samples were prepared by drop drying a suspension of the catalyst in acetone (AnalR
NORMAPUR®, VWR) onto alumina stubs (AGG301, Agar Scientiﬁc). SEM was carried
out on a high resolution ﬁeld emission gun scanning electron microscope (LEO Gemini
1525 FEGSEM).
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3.4.4 Nitrogen adsorption analysis
Nitrogen adsorption analysis was conducted on a Micromeritics Tristar II 3020. The
analysis temperature was 77 K and the Brunauer-Emmett-Teller (BET) equation was
used to extract the surface area. A molecular cross sectional area of 0.1620 nm2 for
nitrogen was used. The best region for the linear ﬁt was determined by the Rouquerol
method. Microporous and external surface area (SA) were determined from the t-plot
using the Broekhoﬀ-DeBoer thickness equation. Samples were thoroughly degassed and
dried overnight at 300 °C under nitrogen prior to the measurement. Gases used were
nitrogen (BIP plus-X47S) for drying and adsorption and He (BIP plus-X47S) for the free
space measurement, which was necessary for compensation of the sample tube volume.
3.4.5 TXRF
TXRF was conducted on a Bruker S2 Picofox. Samples were prepared from a suspension
of 10 mg catalyst in 1 mL H2O (MilliQ 18.2 MΩ cm), which contained 1 wt% Triton X-100
(Sigma Aldrich) as surfactant, 0.2 wt% polyvinylalcohol (Mowiol® 4-88, Sigma-Aldrich)
as binder and 100 μg Ga (from 1 g/L Standard Solution, TraceCert®, Sigma-Aldrich) as
internal standard. 10 μL were deposited onto a quartz glass sample carrier and dried at
room temperature in a laminar ﬂow hood to give a homogeneous thin ﬁlm. 3 independent
repeat measurements from diﬀerent suspensions were conducted for each catalyst. For Fe,
the characteristic 6.4 keV Kα-1 emission line was used for calibration and quantiﬁcation.
3.4.6 XPS
XPS analyses were performed using a Kratos Analytical AXIS UltraDLD spectrometer.
Samples were prepared by pressing the catalyst powders into an indium substrate (pieces,
Sigma-Aldrich 99.99%) to obtain a ﬂat pellet (<1mm) with a diameter of ∼1 cm. A
monochromatic aluminium source (Al Kα = 1486.6 eV) was used for excitation. The
analyser was operated in constant pass energy of 40 eV using an analysis area of approxi-
mately 700 μm x 300 μm. Charge compensation was applied to minimise charging eﬀects
occurring during the analysis. The suitable C1s (285.0 eV) binding energy (BE) was used
as internal reference. Pressure was in the 10-10 mbar range during the experiments. Quan-
tiﬁcation and simulation of the experimental photopeaks were carried out using CasaXPS
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and XPSPEAK41 software. Quantiﬁcation was performed using the non-linear Shirley
background subtraction.
3.4.7 EPR
The catalyst powders were manufactured into pellets (∼0.3cm diameter and ∼0.5cm
height) by homogenising a deﬁned amount of catalyst with nonadecane (99%, Sigma-
Adldrich) and compressing the mixture in a custom made dye. Although measurements
could be conducted on the loose powders with the same result, the addition of dielectric
nonadecane improved the reproducibility of the signals and alleviated the tuning of the
microwave cavity. The pellets were inserted into EPR tubes equipped with Young taps
in order to be able to evacuate the samples. For the samples with post-synthetic addition
of Fe, the powder was impregnated with an aqueous solution of either Fe(NO3)3 · 9H2O
(99.95%, Sigma-Aldrich) or FeSO4 · 7H2O (99%, Sigma-Aldrich) and dried in a vacuum
oven at 60 °C. The measurements on the Fe-N/C sample, which was evacuated at a tem-
perature of 120 °C prior to the measurement, to remove eventually adsorbed oxygen, were
performed on the loose powder. Measurements under atmosphere were conducted with
the Young tap open and re-aeration was achieved by opening the Young tap of the evac-
uated sample. The measurements were conducted on a Bruker EMX Micro X-Band EPR
spectrometer with a 1T magnet and the ability to measure at room temperature and at
77 K by cooling the cavity with liquid nitrogen. g-values were estimated from the utilised
microwave frequency and the magnetic ﬁeld at resonance condition according to equation
( 2.31).
3.4.8 TEM/STEM/EDX
Samples were prepared by drop drying a suspension of the catalyst in acetone (AnalR
NORMAPUR®, VWR) onto copper TEM grids coated with holey carbon ﬁlm (AGS147,
Agar Scientiﬁc). Samples and TEM grids were dried under vacuum before use, to minimise
contamination. TEM/STEM and EDX in Figure 3.15 were recorded on a FEI TITAN
80/300 equipped with a Quantax EDS system from Bruker. TEM for lattice spacing
analysis in Figure 3.16 was carried out on a JEOL 2010.
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3.4.9 STEM and EELS
Samples were prepared in the same way as for TEM. The machine was a Nion Ultra-
STEM100 aberration corrected dedicated Scanning Transmission Electron Microscope,
with a Gatan Enﬁna EEL Spectrometer attached. The microscope was operated at 60
kV, with an energy source spread of 0.35 eV and a spatial resolution of 1.1 A˚.
3.4.10 MEA testing
Membrane Electrode Assemblies (MEA) were prepared according to a method developed
by Paganin et al. [39]: Considering the targeted ionomer to carbon (I/C) ratio, the desired
amount of carbon catalyst was mixed with Naﬁon™ ionomer solution (Sigma-Aldrich, 5
wt.%) and 1.5 mL of isopropanol (AnalR NORMAPUR®, VWR). This solution was
homogenized in an ultrasound bath for 10 min, followed by complete evaporation of the
solvents at room temperature. The dried solids were dispersed in isopropanol (AnalR
NORMAPUR®, VWR) and quantitatively deposited on a gas transport medium (Toray
paper TGP 60 with microporous layer, Alfa Aesar). As anode electrodes, commercial
Johnson Matthey platinum electrodes, with a platinum loading of 0.4 mgPt cm
-2 (Alfa
Aesar, Johnson Matthey, Hydrogen Reformate/Cathode) were used. The MEAs were
obtained by hot-pressing anode and cathode electrodes on both sides of a pre-treated
Naﬁon™ 115 membrane (H+, DuPont) at 145 °C and 400 kg cm-2, for 3 min. Pretreatment
of the Naﬁon™ membranes consisted of ﬁrst boiling in 3 vol% H2O2 (from 30wt% H2O2
solution ACS grade, Sigma-Aldrich) in H2O (MilliQ 18.2 MΩ cm) for 1h, then boiling
in 0.5M H2SO4 (from H2SO4 97% Aristar from VWR) for 1h and ﬁnally boiling in H2O
for 1h. The thicker Naﬁon™ 115 membranes was deliberately chosen over the thinner
221 membranes in order to avoid the possibility of any Pt crossover from the anode.
Single PEFC tests refer to a 5 cm2 electrode area and single serpentine ﬂow ﬁelds (PEFC
hardware from Fuel Cell Technologies, Inc.). During PEFC tests pure hydrogen (BIP
plus-X47S, Air products) was used at a ﬂow rate of 160 ccm and pure oxygen (BIP plus-
X47S, Air products) at a ﬂow rate of 550 ccm. Both anode and cathode compartments
of the cell were pressurized with a backpressure of 2 bar (gauge). The fuel cell hardware
was maintained at a temperature of 80 °C. Relative humidity (RH) values were achieved
by adjusting the temperature of the humidiﬁcation bottles. Moreover the backpressure
of the system was corrected to account for the diﬀerent water partial pressure and to
Chapter 3: Synthesis and characterisation of M-N/C catalysts 181
match the back pressure at 100% RH. Before any data collection it was ensured that the
cell was stable at the respective current density, with a potential drift below 5 mV/hour.
Polarization curves were performed utilizing an electronic load (Kikusui KFM2150). Gases
were humidiﬁed via a humidiﬁcation system from Fuel Cell Technologies, Inc.
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Information on the active site and the mechanism was gathered through subjecting the
catalyst to various external conditions. Surprisingly, the ODAN catalyst is resistant to a
wide range of environmental contaminants which makes it suitable for challenging appli-
cations. Catalyst deactivation of the Fe-N/C catalyst was achieved by NO and by chemical
modiﬁcation. Nitrogen cycle molecules will be used in the subsequent chapters to provide
further insight. Gas sorption was conducted and suggests that the catalyst readily activates
molecular oxygen as an oxidant and this will be exploited for organic epoxidation reactions
later in this work. The energy of desorption for molecular oxygen has been determined
to be 77.89 kJ mol-1. In the range of pH 0 - 9 the mechanism does not seem to change
and has most likely a proton coupled electron transfer as rate determining step. This is
inferred from the pH dependence and is supported by a kinetic isotope eﬀect of 3.4. The
reaction becomes more facile under alkaline conditions with the changeover occurring at a
pH >10 and a kinetic isotope eﬀect of 2.5 at pH 14.
Chapter 4
Experimental identiﬁcation of the
active site and mechanistic insight
into its activity
4.1 Introduction
Although tremendous eﬀorts have been invested, insight into the nature of the active site
is limited. [1–3] This is mainly because of the lack of a probe for the active site, therefore
making the study challenging. [1–3] Although extensive ex-situ investigations, such as
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EXAFS and Mo¨ssbauer have been conducted, direct correlation to the active site could
not be shown. [2, 4–6] This is because such techniques are not surface speciﬁc and will
probe sites within the bulk of the material, which is inaccessible to reactants and hence
cannot act as active site. [2] Additionally, knowledge on the reaction mechanism is limited.
Information on the rate determining step could help to improve the activity.
In this chapter it is intended to probe the active sites by subjecting it to diﬀerent environ-
ments. In the ﬁrst part a probe will be identiﬁed in order to further generate information
on the behaviour of the active site. It is tried to deactivate the activity by poisoning.
Finding a useful probe can then be used to create experiments which yield further insight
into the nature of the active site. The mechanism will be probed by varying the reaction
pH and by investigating the kinetic isotope eﬀect (KIE) on the ORR.
The ﬁrst surprising ﬁnding was that the ODAN catalyst is almost immune to poisons
that typically detrimentally aﬀect Pt based catalysts. Various poisons were studied and
the implications will be reported.
4.2 Results and Discussion
4.2.1 Poison tolerance and implications for practical devices1
For practical applications, an electrocatalyst should ideally be resilient to trace amount
of compounds and species, which are abundant in the environment.
While Pt and also other metals show high activities, they are not selective towards the de-
sired reaction and catalyse other unwanted side-reactions. They are therefore susceptible
to poisons such as methanol, hydrocarbons, chlorine/chloride and hydrogen sulphide. [8–
10] This limits the use of Pt and other catalysts for green technologies under demanding
conditions, where the ORR could otherwise be applied. Surprisingly, the ODAN is tol-
erant to all of these substances. To assess the poison tolerance, RDE measurements were
taken in pure electrolyte and in the presence of contaminants at diﬀerent concentrations.
As a measure of loss in activity, the decrease in current density for oxygen reduction at
the half-wave potential (determined in the poison free environment) upon introduction
1This section is an excerpt of Ref. [7]. The results were produced in close collaboration with Dr.
Thiago Lopes. Some RRDE poisoning experiments and all MEA poisoning experiments were carried out
by Dr. Thiago Lopes.
Chapter 4: Identiﬁcation of the active site and mechanistic insight 188
0.2 0.4 0.6 0.8 1.0
-5
-4
-3
-2
-1
0
0.2 0.4 0.6 0.8 1.0-5
-4
-3
-2
-1
0
0 M 10-4 M 10-3 M 10-2 M
0
50
100
A
ct
iv
ity
re
ta
in
ed
at
E 1
/2
(u
nc
on
ta
m
in
at
ed
)(
%
)
0 M 10-4 M 10-3 M 10-2 M
0
50
100
0 M 1 M
0
50
100
* positive current, due
to competing MeOH oxidation
*
0 M 1 M
0
50
100
a)
Ringers
solution
Pt/C
ODANj/
m
A
cm
-2
E / V vs RHE
Pt/C
ODAN
j/
m
A
cm
-2
E / V vs RHE
0 M 10-4 M 10-3 M 10-2 M
0
50
100
d)
ODANPt/C
c)
b)
0 M 10-4 M 10-3 M 10-2 M
0
50
100
0.5M HCl
MethanolMethanol
UreaUrea
ChlorideChloride
0.2 0.4 0.6 0.8 1.0
-4
-3
-2
-1
0
Decrease in
current at E1/2
E1/2
Increasing Cl-
concentration
C
ur
re
nt
D
en
si
ty
(m
A
cm
-2
)
E / V vs. RHE
No Cl-
present
Figure 4.1: Bar plots showing the performance at the respective half wave potential
of the RDE measurement, comparing a Pt/C catalyst to ODAN at a rotating speed of
1600 rpm, 30 s hold, 30 mV step potential, catalyst loading: ODAN: 750 μg cm-2, Pt/C:
30 mgPt cm
-2, O2-saturated at 1 atm before and after adding (a) Cl
- to 0.5 M H2SO4,
(b) urea to 0.5 M H2SO4 and (c) methanol to 0.1 M NaOH to obtain the respective
concentrations. (d) RDE measurements, comparing the ORR activity of ODAN to Pt/C
in (left) 0.5 M HCl and (right) Ringers solution (same conditions and parameters as (a)
- (c)). [Taken with permission from Ref. [7]]
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of the contaminant is taken (see inset in Figure 4.1 (a) (inset)). While the activity of
the Pt catalyst is always reduced signiﬁcantly, the ODAN is not or only slightly aﬀected
in its activity (Figure 4.1 (a) - (c)). Chloride was introduced into the electrochemical
cell, because of the abundance of that element in the environment and as representative
species for ions that will strongly adsorb to precious metal surfaces and decrease their
activity. While the inﬂuence on the activity the ODAN catalyst is minute, the activity
of the Pt/C catalyst is signiﬁcantly reduced, as can be seen by the dramatic drop in
performance at the half wave potential (Figure 4.1 (a)). Urea was added, because of its
relative abundance. It is a common waste product of all mammals. [11] Moreover it is
taken as representative for nitrogen rich molecules. A large impact on the Pt activity is
observed. Even at a very low concentration of only 10-4 M the performance at the half
wave potential is halved and at 10-3 M shut down completely, while the eﬀect on the
ODAN catalyst is minimal (Figure 4.1 (b)). Although Holze et al. showed the methanol
tolerance of this type of catalyst already, it is also included in this study in order to show
the generality of the poison resistance. [12] MeOH was added to 0.1M NaOH, because
for Pt catalysts, the competing methanol oxidation lowers the activity. As is well known,
this is a drawback of Pt catalysts for the use at the cathode in direct methanol fuel
cells, where methanol crossover to the cathode can occur, thus lowering the overall fuel
eﬃciency dramatically. [12] It is also detrimental where the oxygen reduction reaction is
carried out in the presence of oxidisable organic molecules, such as in waste water treat-
ment or as counter electrode for other electrochemical devices. Additionally to methanol,
other alcohols are also oxidized at potentials that interfere with the ORR, which is another
potential problem for traditional catalysts. [13] As expected, no eﬀect of MeOH on the
catalyst was observed, while the methanol oxidation completely shuts down the oxygen
reduction on the Pt catalyst (Figure 4.1 (c)). To further show the broad applicability of
our catalyst an RDE measurement was also taken in 0.5 M HCl (Figure 4.1 (d)), a highly
corrosive environment, and it can be seen that the activity of the ODAN catalyst is far
superior to the commercial catalyst. Another possible application of this catalyst is the
application in medical implantable fuel cells that run on glucose on the anode side and
on oxygen on the cathode side. Such devices have already been described. [14] Again the
susceptibility of Pt to all kinds of poisons is a limiting factor here. To demonstrate the
feasibility of the catalyst under physiological conditions, a Ringers solution was chosen
as an electrolyte to probe the ORR activity against Pt (Figure 4.1 (e)). While ODAN
still shows good ORR activity, the activity of Pt is completely shut down. It has to be
Chapter 4: Identiﬁcation of the active site and mechanistic insight 190
noted that the thick catalyst layer and therefore higher total surface area compared to
Pt/C can introduce some beneﬁts for the non-precious metal catalyst due to the ﬁltering
capability of carbon and the respective longer time of contaminants to diﬀuse through the
carbon structure to the non-precious active site. A measurement of the transient of the
contamination has been conducted to estimate if the polarisation time was long enough
in order to allow the contaminants to reach the active site. The contamination of the Pt
based catalyst takes place in less than 1 second. Assuming a BET surface area of 250
m2 g-1 and a 40 μg cm-2 carbon loading on the RDE tip for the Pt/C catalyst versus
a surface area of 614 m2 g-1 and 750 μg cm-2 loading for ODAN. Therefore, the total
carbon surface area is 46 times higher for the non-precious metal catalyst. This means,
in the worst case, the contaminants would take 46 times longer or 46 seconds to reach the
active sites. The measurements are performed under steady state and a 30-second hold
with 30 mV step potential. By the time the measurement reaches the respective half-wave
potential, several minutes have passed and access of the contaminant to the active site
has been achieved.
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Figure 4.2: Cell voltage of MEA running on Pt or ODAN as cathode catalyst, before
and after adding (b) 83 ppm H2S (c) 77 ppm toluene and (d) 163 ppm benzene into the
cathode gas stream. [Adapted with permission from Ref. [7]]
To further study the activity under real fuel cell operating a polymer electrolyte membrane
(PEM) single cell was prepared and tested. The catalyst was paint brushed onto a Toray
carbon paper containing a microporous layer, which was used as cathode and a commercial
Pt electrode as anode. The loading of ODAN at the cathode was 4 mg cm-2. It was
compared to a state of the art commercial Pt cathode with a loading of 0.4 mgPt cm
-2.
The anode in both cases was a commercial Pt anode with a loading of 0.4 mgPt cm
-2.
The high anode Pt loading makes sure that the anode reaction is not the limiting factor.
The impact of poisons on the operating fuel cell was studied. Diﬀerent contaminants
were fed into the gas stream and the potential was monitored. When as little as 83 ppm
of H2S was fed into the cathode gas stream, the cell utilising Pt cathode catalyst had
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an almost instantaneous drop in potential, while the ODAN cell (Figure 4.2 (a)) was
completely unaﬀected. It can be suspected that this behaviour could be extrapolated to
longer chain organic sulphides as well. The same phenomenon was observed with 77 ppm
toluene (Figure 4.2 (b)) and 163 ppm benzene (Figure 4.2 (c)), which can be taken as
representatives for volatile organic compounds. The ratio in total carbon surface area
within the fuel cell test is 60 times higher for the ODAN cell compared to the Pt cell.
Indeed in the operating fuel cell, the eﬀect of contamination takes place slower. The whole
operation time of the ODAN cell after contamination shall therefore be normalised to
the higher surface area versus Pt. For instance after contamination the measurement was
continued for 2100 seconds in the ODAN cell contaminated with toluene. Therefore 2100
s were normalised to the 60 times higher surface area to match 35 s in the Pt cell. The
potential drop at 35 s in the Pt cell is therefore compared to the potential drop in the
ODAN cell after 2100 s (post contamination) and likewise in the other experiments. The
values are 40 mV versus 14 mV for toluene, 33 mV versus 17 mV for benzene and 40 mV
versus 5 mV for H2S for Pt versus ODAN respectively. Even if the contamination time
scales linearly with total surface area, ODAN is still less aﬀected than the Pt catalyst.
However more complex processes are likely to be determining the contamination and
ultimately failure time of the cell. This shows that the resistance to poisons shown in
RDE studies can be transferred to device level.
To summarise: The ODAN catalyst is exceptionally poison-tolerant. While the ref-
erence Pt catalyst is always severely aﬀected by a wide variety of substances, ODAN is
mostly resistant, or at worst showing only a minor reduction in performance. The gen-
erality of this poison tolerance is curious, given that a metal centre is proposed as active
site.
4.2.2 Nitrogen cycle molecules as possible active site probes
Although the poison tolerance of the catalyst is useful for practical applications, the
absence of a molecular active site probe makes it challenging to generate insight into this
complex material. It is well known that nitrogen cycle molecules such as nitric oxide,
nitrite and hydroxylamine interact with the iron complexes. [15, 16] Therefore the eﬀect
of NOBF4 and NO on the Fe-N/C catalyst was investigated.
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Figure 4.3: (a) Steady-state RDE measurements of Fe-N/C catalyst in 0.5 M H2SO4,
before and after exposure to NO+BF4
– , catalyst loading: 750 μg cm-2, rotating speed:
1600 rpm, 30 s hold, 30 mV step potential, O2-saturated at 1 atm. (b) RDE measurement
of Fe-N/C catalyst in 0.5 M H2SO4, before and after exposure to NO gas, catalyst loading:
750 μg cm-2, 5 mV s-1, rotating speed: 1600 rpm, O2-saturated at 1 atm.
Figure 4.3 (a) shows the ORR activity before and after exposing the electrode to a solution
of 0.1 M NO+BF4
– in acetone. It can be seen that a clear poisoning eﬀect is present. The
ﬁrst cycle shows a slight recovery of the activity. The remaining activity decrease seems
to stable. Figure 4.3 (b) shows the ORR activity before and after exposing the electrode
to NO saturated 0.5 M H2SO4. Again the activity is signiﬁcantly decreased. This shows
that NO can be a potential probe for the active site. Therefore, nitrogen cycle molecules
were studied in more depth in Chapter 5 and it was possible to utilise nitrite as an probe
to determine the active site density, which is detailed in Chapter 6.
4.2.3 Organic reactions to track the active site
It has been shown for model compounds, that the chemical environment of the macrocy-
cle can lead to a signiﬁcant increase in activity. Especially electronegative substituents
increase the activity signiﬁcantly. [17] Furthermore Ramaswamy et al reported that the
electronic properties of the carbon support inﬂuence the catalytic activity by modulat-
ing the Fe2+/Fe3+ transition. [18] Therefore it was intended to post-synthetically graft
electron withdrawing groups onto the carbon support and probe the eﬀect onto the ORR
activity.
The ﬁrst attempt was the acylation of the carbon support with the Friedel-Crafts reaction,
by treating the catalyst with a acetyl chloride in the presence of AlCl3. This reagent has
been chosen, as it readily reacts with aromatic rings to attach an electron withdrawing
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Figure 4.4: Steady-state RDE measurements of Fe-N/C catalyst in 0.5 M H2SO4,
catalyst loading: 750 μg cm-2, rotating speed: 1600 rpm, 30 s hold, 30 mV step potential,
O2-saturated at 1 atm. Before and after (a) exposing to Friedel-Crafts conditions and
(b) acylpyridinium, acyl chloride and recovery.
acyl group. [19] Figure 4.4 (a) shows the ORR activity before and after treatment. It can
be seen that the activity is irreversibly decreased. Although it is not the sought for eﬀect,
an activity decrease means some sort of interaction with the active centre and could
therefore potentially yield further information on the active site. As the mixture used
(acetyl chloride with AlCl3) is aggressive and therefore unspeciﬁc, a more speciﬁc reagent,
which is used to acylate nitrogen functionalities was used. The acyl-pyridinium method
is typically used in organic synthesis to mildly acylate nitrogen functional groups. [20]
Figure 4.5: Scheme showing the possible reactions of the acylpyridinium species with
the Fe-N/C catalyst.
Figure 4.5 shows a proposed scheme of how the acyl-pyridinium reagent could react with
the diﬀerent functional groups of the Fe-N/C catalyst. Figure 4.4 (b) shows the ORR
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activity in 0.5 M H2SO4 before and after treating the catalyst with the acylpyridinium
method and with only acetyl chloride. It can be seen that both methods slightly decrease
the activity, while the addition of pyridine increases the detrimental eﬀect on the ORR
activity. Electrochemically this activity decrease seems to be stable. However, heating the
catalyst at 600 °C under nitrogen fully recovers the activity. The recovery temperature
was chosen below the typically used 700 - 1000 °C, which is believed to be necessary
to form new active sites. Hence the increase in activity is attributed to the recovery
of already present active sites rather than the formation of new active sites. Further
investigation, such as the analysis of released gas with temperature, other treatments
and physical characterisation of the modiﬁed catalyst might yield further insight into this
material.
To summarise: The acylation reaction has been successfully carried out on the Fe-
N/C catalyst and decreases the ORR activity. Recovery is possible by heat treatment
at temperatures below those used to form active sites. This shows the use of organic
chemical reactions can be used to potentially probe the active site of the material. Further
investigation seems worthwhile.
4.2.4 Gas sorption of oxygen on Fe-N/C catalyst
The physical and chemical interaction of the Fe-N/C catalyst with oxygen was inves-
tigated with gas sorption experiments. The catalyst was subjected to a heat treatment
regimen under inert atmosphere and the desorbed gas species have been tracked with a
mass spectrometer.
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Figure 4.6: Gas desorption measurements, when heating the Fe-N/C catalyst at 10
°min-1, after exposure to O2 or Ar for 1h at room temperature. Species detected in
the mass spectrometer (a) m/z=32, oxygen (b) m/z=17, water and (c) m/z=44, carbon
dioxide.
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In Figure 4.6 (a) the amount of O2 released versus temperature is shown when the catalyst
is pre-exposed to O2 as compared to when it is not exposed to O2. The catalyst was heated
to 600 °C under a constant ﬂow of Ar prior to each cycle in order to remove any adsorbed
species. The catalyst was then subjected to O2 or Ar for 1 h at room temperature and
then to Ar for 1 h at room temperature to remove any non-adsorbed O2. Two O2 exposure
cycles and two Ar exposures cycles were then recorded in sequence. There is a clear O2
peak at ∼70 °C in the samples pre-exposed to O2 and no peak in the samples pre-exposed
to Ar. This conﬁrms that the desorbed oxygen is due to an adsorption process beforehand
and not from decomposing species within the catalyst itself. The fact that the peak has
the same height for both O2 cycles suggests a reversible process. A water peak (Figure 4.6
(b)) can be observed in all cycles, whether the catalyst was exposed to O2 or not. The
source of the water peak could not be conﬁrmed. It might be trace amounts present in
the utilised gases which adsorb onto the dry catalyst, or water molecules condensed in
the micro and mesopores of the carbon catalysts which are diﬃcult to remove due to
capillary condensation. The water peak is larger in the O2 samples. Although deﬁnitive
analysis is not possible from these results, they suggest a number of intriguing possibilities.
Interestingly, only pre-exposure to O2 results in the observation of CO2. It is striking that
the CO2 release already present at relatively low temperature (< 100 °C). At ∼ 50 °C, the
continuous release of CO2 can be observed. This is an unusually low temperature for the
oxidation of amorphous carbon and indicates that the catalysts is able to activate oxygen
and create a powerful oxidant. [21] The absence of CO2 production in the non-exposed
cycle, suggests that the oxygen atoms within this released CO2 stem from the preadsobed
O2 molecules. This further implies that some O2 will strongly chemisorb onto the catalyst
and might even be subjected to O-O bond cleave, so that atomic oxygen species might
be present at the surface of the catalyst. Therefore, this catalyst might be utilised as
catalyst for the oxidation of organic compounds utilising molecular oxygen. The catalyst
might be able to activate oxygen, in order to produce superoxide species, thus providing
a good oxidant. (this topic is discussed in Chapter 7)
Figure 4.7 shows the O2 (a) and H2O (b) desorption at various heating rates. From the
variation of the temperature maximum Tmax with heating rate β, the energy of desorption
was determined according to equation ( 2.30). For O2 an energy of desorption Edes = 77.96
kJ mol-1 was determined. This lies well in the region of chemisorption and shows that
the oxygen strongly interacts with the catalyst. [22] For H2O an Eads = 98.08 kJ mol
-1
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Figure 4.7: Temperature programmed desorption measurements at diﬀerent heating
rates, after exposing the Fe-N/C catalyst to O2 for 1h at room temperature. Detection
of species with a mass spectrometer (a) m/z=32, oxygen (b) m/z=17, water. (c) and (d)
linearisation of Tmax and β relationship of measurements (a) and (b), respectively.
was determined. However, this value should be taken with care, as more investigation is
necessary to conﬁrm the source of the water peak. Nevertheless the successful extraction
of Edes for O2 might be useful to investigate this parameter as descriptor for the activity,
when investigating a range of catalysts with diﬀerent activities. This might yield further
insight.
To summarise: O2 could be successfully adsorbed onto the Fe-N/C catalyst and des-
orbed via heating. The desorbed species detected were O2, H2O and CO2. Especially the
release of CO2 at a relatively low temperature is striking and suggests that the catalyst
is capable of creating a powerful oxidant from molecular O2 at relatively low tempera-
tures. The energy of desorption of O2 was determined to be 77.96 kJ mol
-1 which suggests
chemisorption rather than physisorption.
4.2.5 Mechanistic investigation of Fe-N/C catalyst
In order to improve catalysis, detailed knowledge of the mechanism is necessary. Some
insight can be gained by probing the role of protons in the ORR mechanism. This has
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been done by varying the pH across the full scale from pH 0 to 14 and by measuring the
kinetic isotope eﬀect under acidic as well as alkaline conditions.
4.2.5.1 pH dependence of the ORR
To investigate whether the underlying catalytic mechanism is liable to be the same at
higher pH values compared to the technologically important acidic activity and what the
inﬂuence of protons are within the reaction mechanism, the oxygen reduction reaction was
studied at various pH values, which previously has only been investigated for low (0-2)
and high (12-14) pH values. [23]
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Figure 4.8: (a) Rotating disk electrode measurements of Fe-N/C catalyst at diﬀerent
pH values in O2-saturated 0.5 M electrolytes, 1600 rpm, 5 mV s
-1; Loading 270 μg cm-2.
Corrected for solution resistance, capacitive background and diﬀerent oxygen solubility
and diﬀusivity. b) Plot of the potential at a current density of 0.1 mA cm-2 (iR-free)
versus pH. (bottom) versus SCE; linear ﬁt shows a slope of 57±2 mV pH-1 in the pH
range 0 - 9 (top) corrected to RHE scale. All values become the same within the error
margin in the pH range 0 - 9.
Figure 4.8 (a) shows the, iR-free, background corrected RDE linear sweep voltammograms
of the catalyst, which were normalised to the diﬀerent oxygen solubility in the respective
electrolytes, at 1600 rpm in oxygen saturated electrolyte. By plotting the current at
0.1 mA cm-2 versus pH, a linear plot with a slope of close to 59 mV pH-1 is obtained
(Figure 4.8 (b)). This indicates a proton coupled electron transfer as rate determining
step for the reduction of oxygen to water at high potentials. This is intriguing and might
inspire approaches on how to accelerate the rate determining step. It can be seen that
in the pH range between 0 9 the activity at high potentials (Figure 4.8 (b) top) is the
same. It is known that the ORR is more facile in alkaline solution and a changeover
in mechanism is likely at high pH. [18] Therefore the analysis of the ORR activity was
extended until pH 14 and it can be observed that a signiﬁcant deviation from 59 mV pH-1
and the associated changeover in mechanism is only present above pH 9 (Figure 4.8 (b)).
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It can clearly be seen that the pH dependence changes only at this high pH (>9) and only
then the rate enhancing eﬀect of using alkaline conditions becomes measurable. This is
also evident from the increase in activity above pH 10, when compared on the RHE scale
(Figure 4.8 (b) top).
Table 4.1: Mean values and standard deviation for pH, apparent Tafel slopes and
potentials at the respective pH, corresponding to measurements shown in Figure 4.8,
from 3 independent runs for each data point. Independent here means that for each run
a new catalyst layer from a diﬀerent newly prepared ink was measured.
pH
Tafel slope
[mV dec-1]
Ej=0.1 μA cm-2
[mV vs SCE]
Ej=0.1 μA cm-2
[mV vs RHE]
0.30±0.03 83±14 609±12 838±12
1.96±0.01 98±14 528±11 841±11
5.16±0.04 80±12 357±16 848±16
7.00±0.06 97±4.0 230±15 842±15
8.98±0.06 77±14 115±22 839±22
Table 4.1 shows the respective potentials at 0.1 μA cm-2 versus SCE and RHE and the
apparent Tafel -slopes for a given pH in the range 0 - 9. It can be seen that within the
error margin, the Tafel -slopes are the same in this range, supporting the presence of the
same reaction mechanism.
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Figure 4.9: (a) Tafel -plots corresponding to measurements in Figure 4.8 (a) versus
SCE scale, (b) versus RHE scale.
Figure 4.9 (a) shows that the Tafel -plots of the measurement in Figure 4.8 (a). When
corrected to the RHE scale, and corrected to kinetic currents all collapse onto one curve
(Figure 4.9 (b)). This strongly suggests that the underlying catalytic mechanism is likely
to be the same in this pH range.
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4.2.5.2 Kinetic isotope eﬀect of the ORR in alkaline and acid
Due to the relevance of the ORR in PEFCs, which operate in an acidic environment,
the catalyst was subjected to the respective low pH and pD electrolytes, 0.45 M H2SO4
and 0.45 M D2SO4 respectively. Cyclic voltammetry was conducted in nitrogen saturated
solution. In order to validate whether a signiﬁcant kinetic isotope eﬀect (KIE) would be
discernible under the utilised experimental conditions, the hydrogen evolution reaction
was used to estimate how a primary KIE could electrochemically manifest itself. The
electrochemical isotope eﬀect for the HER is well investigated due to its technological
relevance. [24–27]
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Figure 4.10: Rotating disk electrode (RDE) measurements of Fe-N/C catalyst in N2-
saturated electrolyte at 1 atm and 25°C. 1600 rpm, 5 mV s-1; Loading: 270 μg cm-2
Figure 4.10 shows the cyclic voltammetry of the Fe-N/C catalyst in nitrogen saturated
solution. The onset of the hydrogen evolution reaction is clearly visible, starting at ∼-
0.1V vs RHE/RDE. It can also be seen that the reaction is signiﬁcantly more facile in the
hydrogen containing electrolyte compared to the deuterated one. From the kinetic current,
as indicated in Figure 4.10, the KIE was estimated to be ∼3.4 on the Fe-N/C catalyst.
This shows, if present, a large KIE is detectable with the present set-up. Although it is
not possible to be certain of the RDS in this reaction, it is inferred from this value that a
primary KIE would at least show a value of 3. This is in agreement with values observed
for the proton discharge being the RDS on metal electrodes (3-6). [26, 27] Since there
are no data available on how a primary kinetic isotope eﬀect would manifest itself for the
ORR under these conditions, a value of 3 is taken as a reference.
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Figure 4.11: Rotating disk electrode (RDE) measurements of Fe-N/C catalyst, 1600
rpm, loading 270 μg cm-2. (a) 50mV s-1, N2-saturated electrolyte, (b) background cor-
rected, 5 mV s-1 O2-saturated electrolyte, at 1 atm and 25 °C.
In order to conﬁrm whether the accessible electrochemical surface area in the hydrogen
and deuterium containing electrolytes are comparable, cyclic voltammetry was performed.
It can be seen in Figure 4.11 (a), that while the deuterated solvent shows a slightly
smaller capacitance, it is not signiﬁcantly diﬀerent as compared to the hydrogen equiv-
alent. However a shift of ∼40 mV in the reversible peak at ∼0.7 V vs RHE/RDE is
observed, indicating a process which involves the transfer of protons in agreement with
a quinone/hydroquinone couple. The slightly smaller capacitance might be due to the
larger size of the deuterium atoms or other changes in the double layer associated with
the diﬀerent properties, such as the dielectric constant. [28] This leads to less charged
species being able to accumulate in the double layer and hence decreasing the speciﬁc ca-
pacitance of the system. [29] Nevertheless this indicates that the accessible electrochemical
surface area and hence observed activity should be comparable. Figure 4.11 (a) shows the
oxygen reduction activity of the Fe-N/C catalyst. A slight change in limiting current
is undoubtedly caused by the variation in diﬀusion coeﬃcient and solubility of oxygen in
the deuterated solvent. [30]
Correction of the results to overpotentials taking into account the diﬀerent thermody-
namics in D2O versus H2O (see Experimental section 4.4.5) shows that the reaction in
H2SO4 is signiﬁcantly faster than in D2SO4 (Figure 4.12). It can then be seen that the
ratio of the kinetic currents, jkin(H)/jkin(D) is ∼3.4. The currents have been compared
in the region of low overpotential (<0.1 mA cm-2, i.e. less than 10% limiting current).
This should eliminate mass transport eﬀects, although as the results are performed on
the same electrode, these should be very similar. It can be seen in Figure 4.12 (inset),
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Figure 4.12: Tafel -plots, where the potentials have been converted to overpotential,
corresponding to the measurements in Figure 4.11
if multiplied with 3.4, the kinetic current in D2SO4 overlaps with the measurement in
H2SO4 validating the determined value. The Tafel slopes have been determined to be
∼80 mV dec-1 and ∼85 mV dec-1 for hydrogen and deuterium respectively, which shows
no signiﬁcant diﬀerence and indicates a constant KIE across a wide potential range. Al-
though formally it would be more appropriate to compare the exchange current densities,
doing so is associated with a large error, due to the extrapolation to zero overpotential
being made over 4 orders of magnitude in current density. The value obtained by taking
the ratios of the apparent exchange current densities is ∼1.4, however with a very large
error due to the signiﬁcant uncertainty of the Tafel -slope. Therefore, it is deemed more
representative to compare the determined kinetic currents in the area of the ﬁt. A KIE
of 3.4 would be indicative of a primary kinetic isotope eﬀect. This suggests that a proton
transfer is directly involved in the rate determining step (RDS). A slight decrease in ac-
tivity could also be attributed to non-mechanistic sources such as due to the lower overall
accessible electrochemical surface area. This contribution should be small however. This
large KIE in acid is in agreement with mechanistic suggestions present in literature, which
emphasise the importance of the proton transport capabilities of the active site. [31] This
suggests that the RDS might be for example the reductive adsorption of oxygen to the
active site with a concerted proton transfer. This is diﬀerent to metal surfaces where the
sole reductive adsorption is assumed to be the RDS. [32] The non-negligible KIE in the
Fe-N/C catalyst however indicates that a proton in the vicinity of the active site might
contribute to stabilising the transition state that leads to this intermediate as suggested
by Herranz et al. [31]
It is known that in alkaline the ORR proceeds in a much more facile manner and several
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M-N/C and N/C materials have been reported which have comparable activity to Pt. [33]
The ORR in alkaline might be interesting for alkaline fuel cells and depolarised chlor-
alkali electrolysis and a diﬀerent mechanism is most likely present in alkaline solutions.
Therefore the KIE investigation was extended to high pH and pD in 1M NaOH and 1M
NaOD respectively.
0.0 0.2 0.4 0.6 0.8 1.0
-4
-3
-2
-1
0
1
2
3
 1M NaOH
 1M NaOD
j /
 m
A 
cm
-2
E / V vs RHE/RDE
0.0 0.2 0.4 0.6 0.8 1.0
-3
-2
-1
0
 1M NaOH
 1M NaOD
j /
 m
A 
cm
-2
E / V vs RHE/RDE
a) b)
Figure 4.13: Rotating disk electrode (RDE) measurements of Fe-N/C catalyst, 1600
rpm, loading 270 μg cm-2. (a) 50mV s-1, N2-saturated electrolyte, (b) background cor-
rected, 5 mV s-1 O2-saturated electrolyte, at 1 atm and 25 °C.
The cyclic voltammetry in N2-saturated electrolyte (Figure 4.13 (a)) again reveals that
the capacitance of the deuterated solvent is slightly lower. Figure 4.13 (b) shows the ORR
curves recorded in the alkaline electrolytes
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Figure 4.14: Tafel -plots, where the potentials have been converted to overpotential,
corresponding to the measurements in Figure 4.13
and Figure 4.14 the kinetic analysis. This time the ratio jkin(H)/jkin(D) is ∼2.5, which is
smaller than under acidic conditions. The Tafel slopes are 56 mV dec-1 and 55 mV dec-1
in NaOH and NaOD respectively and a good overlap of the traces is again achieved when
multiplying the kinetic current in the deuterium measurement with the KIE (Figure 4.14
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(inset)). While a small variations can again stem from various sources, this decrease in
KIE is signiﬁcant. The smaller KIE in alkaline might indicate a signiﬁcant contribution
from a second pathway, which has a proton independent RDS, as suggested by Ramaswary
et al. [33]
4.2.5.3 Rate determining step proposal
The observed ﬁndings are used to suggest the RDS for both acid and alkaline. In acid the
mechanism will most likely proceed with an inner sphere electron transfer.[29, 33] This
means that the oxygen molecule has to adsorb onto the active site. The results suggest
that the reductive adsorption might proceed concerted with a protonation of the adsorbed
superoxide intermediate. The following mechanism for the RDS, where the transition state
could be stabilised by a proton might be relevant for the ﬁrst electron transfer:
NN
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Figure 4.15: Proposed proton coupled electron transfer as rate determining step under
acidic conditions.
X represents a species which can carry protons, such as solvating water molecules or
functional groups in the vicinity of the active site, and a transition state as represented
by species 2 might be present. In alkaline on the other hand a combination of inner-sphere
and outer sphere electron transfer has been suggested. [33] This gives the possibility that
additional to the mechanism shown in Figure 4.15 an outer sphere mechanism as follows
is present:
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Figure 4.16: Possible outer sphere electron transfer in highly alkaline conditions.
This second mechanism yields a solvated superoxide molecule which might be proton
independent and then continues to adsorb to the surface for the further reduction to water
or peroxide. However detailed mechanistic considerations should be taken with caution,
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as numerous factors can inﬂuence the KIE. Nevertheless the insight of a signiﬁcant KIE
in acid as well as alkaline is interesting and might have important implications for follow
up studies.
4.3 Conclusion
When searching for an active site probe it was found that the ODAN catalyst is surpris-
ingly resilient to many substances that typically aﬀect Pt based material. While the ref-
erence Pt catalyst is always severely aﬀected by a wide variety of substances, our catalyst
is mostly resistant, or at worst showing only a minor reduction in performance. The cata-
lyst operates well in the presence of chloride, urea, methanol, Ringers solution, HCl, H2S,
benzene and toluene, these substances exemplify strongly adsorbing ions, amides/amines,
alcohols, biological ﬂuids, corrosive electrolytes, sulphur containing compounds and hy-
drocarbons respectively. The technological applications could be wide ranging and include
fuel cells, that have to operate on gas streams in challenging conditions, oxygen sensing
in diﬀerent kinds of biological ﬂuids, counter electrode catalysts, where the ORR is pre-
ferred over hydrogen evolution, such as in chlor-alkaline oxygen depolarized electrolysis,
metal-air batteries and waste water treatment.
Nitrogen cycle molecules nitric oxide and NO+ were identiﬁed as molecular probes for the
Fe-N/C catalyst and will be used in the following chapters to gain further information
on the active site.
It has been shown that organic reactions with the example of the acylation reaction can
potentially be used to probe the active site.
Gas sorption has shown that the catalyst might be a good oxidation catalyst by activating
molecular oxygen. This was inferred due to the low temperature CO2 production from
the carbonaceous structure, after exposure to O2. The O2 energy of desorption from the
Fe-N/C catalyst suggests that it chemisorbs onto the surface.
Mechanistic investigation has found that a proton coupled electron transfer might be the
RDS in acid as well as in alkaline. It was further found that the mechanism and the active
site is likely to a stay the same across a wide pH range from 0 to 10, with a changeover to
an alkaline mechanism, which is kinetically more facile. This information is useful, when
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information on the active site obtained at intermediate pH are used to draw conclusions
on the technologically important acidic activity.
The results obtained in this chapter have inspired in depth investigations in the following
chapters.
4.4 Experimental Part
4.4.1 RDE poisoning experiments
RDE was conducted as described in 3.4.2. The experiments where the catalysts are
exposed to poisons were carried out by quantitatively adding the desired substance into
the electrolyte to reach the mentioned concentration levels. For the experiments where
chloride anions are involved, a quantitative volume of HCl (HCl 37%, Sigma-Aldrich)
was added to the main compartment of the electrochemical glass cell, which is the same
condition for when methanol (ACS grade, VWR) was employed. In the experiments
where urea was involved the respective amount of a 2.5 M Urea solution (from Urea 99%,
Sigma-Aldrich) in 0.5M H2SO4 was added. When NO
+BF4
– was used, the RRDE tip was
removed from the electrolyte and submerged into a 0.1M solution of NOBF4 (99%, Sigma-
Aldrich) in acetonitrile (AnalaR NORMAPUR®, VWR) at a rotation rate of 300 rpm
for 5 minutes and subsequently washed thoroughly in H2O (MiliQ 18.2 MΩ cm) before
returning to the electrolyte solution and measuring the contaminated performance. When
NO was used, the RRDE tip was submerged into a 0.5 M H2SO4 solution saturated with
NO gas before washing and returning to the electrolyte. NO gas was generated in a Kipps
apparatus from NaNO2 (99%, Sigma-Aldrich) and 2 M H2SO4 (prepared from 95% H2SO4
ACS grade, Sigma-Aldrich) and passed through 2 washing bottles with 3M KOH (from
pellets, AnalaR NORMAPUR®, VWR) in order to remove residual NO2.
4.4.2 MEA poisoning experiments
The MEA was prepared and conditioned as described in 3.4.10. For the contamination
experiments in the MEA, the contaminated gas stream was achieved by mixing pure air
(from a compressor) with an N2 or air stream containing the desired substance (e.g. H2S,
benzene or toluene). The contaminated gas stream was directly passed into the main
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gas stream (pure air), which was already humidiﬁed. For the experiment where H2S was
employed, 50 ccm of 1000 ppm H2S in nitrogen (from Air Products) was mixed with 550
ccm of air, reaching a ﬁnal ﬂow rate of 600 ccm, containing 83 ppm of H2S. For when
Benzene or Toluene was utilized, an air stream (50 ccm) was passed through a solution of
either Benzene (AnalaR NORMAPUR®, VWR) or Toluene (99.8% from Sigma Aldrich)
prior to mixing with 550 ccm or air. The concentration of toluene and benzene in the
50 ccm air stream was veriﬁed by the use of a bench-top UV-Vis spectrometer (Perkin
Elmer Lambda 25). For this experiment 50 ccm of air was passed through either a
pure benzene or toluene solution and fed into a quartz ﬂow cell in the spectrometer, by
recording the absorbance of the characteristic peaks for benzene and toluene the respective
concentrations in the gas stream could be determined.
4.4.3 Organic treatment of catalyst
The Friedel-Crafts reaction was conducted on the Fe-N/C catalyst by adding a solu-
tion of AlCl3 (10 mg, 0.075 mmol, 98% Sigma-Aldrich) in acetyl chloride (20 mL, 22 g,
0.28 mol, 98% Sigma-Aldrich) to the Fe-N/C catalyst in a 50 mL round bottom ﬂask and
then stirring overnight. Subsequently the catalyst was ﬁltered oﬀ and washed thoroughly
with acetone (AnalaR NORMAPUR®, VWR) and water (MilliQ 18.2 MΩ cm) before
drying at 60 °C overnight, to obtain the modiﬁed catalyst.
For the acyl-pyridinium procedure, the Fe-N/C catalyst (60 mg), in a 50 mL round
bottom ﬂask, was ultrasonically dispersed in THF (15 mL, AnalaR NORMAPUR®,
VWR) and acetyl chloride (1.5 mL, 1.7 g, 21 mmol, 99% Sigma-Aldrich) was added.
The mixture was cooled to 7 °C in a water/ice bath under constant stirring. Pyridine
(1.7 mL, 1.7 g, 21 mmol, 99% Sigma-Aldrich) was dissolved in THF (15 mL, AnalaR
NORMAPUR®, VWR) and added drop-wise over 15 min to the cooled mixture. The
combined reaction mixture was allowed to heat to room temperature, stirred overnight
and then reﬂuxed for 3h. The catalyst was then ﬁltered oﬀ, washed thoroughly ﬁrst with
THF (AnalaR NORMAPUR®, VWR) and then with acetone (AnalaR NORMAPUR®,
VWR) and water (MilliQ 18.2 MΩ cm) and dried overnight at 60 °C before use to obtain
the Fe-N/C-AC catalyst. The regenerated catalyst was obtained by heating the Fe-N/C-
AC catalyst in a tube furnace under an inert atmosphere of N2 (BOC N6.0 Grade), at a
heating rate of 20 °C min-1 to 600 °C and cooling down to room temperature immediately.
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4.4.4 Gas sorption and TPD
Gas sorption and TPD was carried out in a Micromeritics Autochem II 2920. The samples
were heated under an inert atmosphere of Ar (BOC N5.5 Grade) at a ﬂow rate of 20 mL
min-1 and a heating rate of 10 °C min-1 to 600 °C and held there for 1h before each
experiment, in order to ensure that the catalyst surface is clean. The exposure to oxygen
(BOC N6.0 grade), was performed at room temperature for 1h at a ﬂow rate of 20 mL
min-1. The control experiments were conducted with Ar instead of oxygen. After exposure
to oxygen the catalyst was purged with Ar (20 ml min-1), for 1h at room temperature
before starting the heating ramp, in order to ensure that gas trapped in the porous
structure was removed. The heating ramp was conducted under a continuous ﬂow of Ar
and the exhaust gas was passed to a mass spectrometer (MKS Cirrus II) for detection of
the desired elements.
4.4.5 pH study
RDE was conducted as described in 3.4.2. A catalyst loading of 0.27 mg cm-2 was cho-
sen to study the pH dependence of the ORR, as it was found to give a good uniform
catalyst layer, as conﬁrmed with a light microscope. Furthermore, it was a compromise
between a relatively thin layer and a suﬃcient activity, to ensure adequate signal to noise
ratio. For measurements in 0.5 M H2SO4, a RHE (GaskatelHydroFlex) was used. For
measurements in the higher pH electrolytes a saturated calomel electrode SCE (VWR)
was used and the potentials with respect to the RHE scale were determined by measuring
the change from hydrogen evolution to hydrogen oxidation in the respective H2-saturated
electrolyte on a platinized platinum wire. Electrolytes were prepared in ultrapure wa-
ter (MilliQ 18.2 MΩ cm). 0.5 M H2SO4 from 95% sulphuric acid (Aristar, VWR), 0.5
M phosphate buﬀer pH 2 from phosphoric acid (AnalaR NORMAPUR®, VWR) and
NaH2PO4 (AnalaR NORMAPUR
®, VWR), 0.5 M acetate buﬀer pH 5.2 from sodium ac-
etate (99%, Sigma-Aldrich) and glacial acetic acid (AnalaR NORMAPUR®, VWR), 0.5
M phosphate buﬀer pH 7 from NaH2PO4 (AnalaR NORMAPUR
®, VWR) and Na2HPO4
(AnalaR NORMAPUR®, VWR) and 0.5 M borate buﬀer from boric acid (ACS reagent,
99.5%, Sigma-Aldrich) and NaOH (AnalaR NORMAPUR®, VWR). The pH was ad-
justed with 0.5 M NaOH and conﬁrmed with a ROSS Ultra Glass pH Electrode (Orion
8102BNUWP). The normalised current density was corrected to account for the diﬀerent
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solubility and diﬀusivity of oxygen in the diﬀerent electrolytes. The current at 0.1 V was
used to determine a ”normalised” current to which all the currents were ratioed. There-
fore the normalised current density was obtained by: jnorm =
j
j(E=0.1V )
, where j is the
geometric current density and jnorm the normalised current density. The kinetic current
density was estimated as follows; jkin =
j∗jlim
jlim−j , where jlim was taken as the current den-
sity achieved at 0.1 V vs RHE as the limiting current in the respective electrolyte. The
error introduced due to the deviation from the theoretical limiting current in the respec-
tive electrolyte, which was caused by insuﬃcient activity of the catalyst at this loading,
was found to be small (<1.5%) at the potential of interest (0.8 V vs RHE).
4.4.6 H/D experiments
RDE was conducted as described in 3.4.2 and 4.4.5. The utilised glass cell was jacketed
and thermostated at 25 °C with a water recirculator (Huber MPC), in order to ensure
that the measured kinetics were not subject to temperature eﬀects. A leak free Ag|AgCl
electrode (Warner Instruments) was used as reference electrode. This ensured indepen-
dence of the potential from the protons/deuterons and the avoidance of contamination
of the solution with the ﬁlling electrolyte of the electrode. Electrolytes containing hy-
drogen were prepared in ultrapure water (MilliQ 18.2 MΩ cm). For 0.45 M H2SO4, 95%
sulphuric acid (Aristar, VWR) and for 1 M NaOH, NaOH pellets (VWR, ACS grade)
were used to prepare the solutions. The deuterated electrolytes were prepared in D2O
(Sigma-Aldrich, 99.9% atom % D). For 0.45 M D2SO4, 96% D2SO4 (Sigma-Aldrich, 99.5
atom % D) and for 1 M NaOD, 30 wt% solution in D2O (Sigma-Aldrich, 99 atom % D)
were used to prepare the solutions. Experiments under the respective acidic and alkaline
conditions were conducted from the same catalyst layer, in order to prevent errors due
to the variation of the amount of deposited catalyst. The electrode tip with the catalyst
layer was immersed into ultrapure water or into D2O for 10 minutes under a rotation of
300 rpm prior to transferring it into the respective H or D containing solutions to avoid
cross contamination and to ion exchange the Naﬁon binder. The potential of the Ag|AgCl
reference electrode was determined versus self-made reversible hydrogen/deuterium elec-
trodes (RHE/RDE) in the respective electrolytes. In order to be able to compare the
kinetic currents of the hydrogen and deuterium measurements, the overpotential η was
determined by η = E(RHE/RDE) - E0(H2O/D2O), where E(RHE/RDE) is the measured
potential versus the reversible hydrogen electrode or the reversible deuterium electrode,
Chapter 4: Identiﬁcation of the active site and mechanistic insight 209
RHE or RDE respectively, and E0 is the thermodynamic equilibrium potential for the
reduction of oxygen to water or deuterium oxide, H2O or D2O, respectively. E0 is for
H2O 1.229 V and for D2O 1.262 V.
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Within this chapter it is sought to provide insight into the chemical behaviour of the Fe–Nx
active site. Although major progress has recently been achieved through ex situ methods,
there is still a lack of understanding as direct correlations are not possible. Utilising nitrite,
nitric oxide and hydroxylamine as molecular probes it was found that the active site for the
ORR is diﬀerent under acidic and alkaline conditions. An in depth investigation revealed
a behaviour which is similar to iron macrocyclic complexes and suggests a contribution
of the metal centre in the catalytic cycle. It was also found that the Fe-N/C catalyst is
highly active towards nitrite and nitric oxide electroreduction under various pH values
with ammonia as a signiﬁcant by-product. This study oﬀers fundamental insight into the
chemical behaviour of the active site and demonstrates a possible use of these materials
for nitrite and nitric oxide sensing applications or environmental nitrite destruction.
Chapter 5
Interaction of nitric oxide and
nitrite with the Fe-N/C catalyst
5.1 Introduction
Recent studies on Fe-N/C catalysts obtained via diﬀerent routes suggest that atomic iron
centres, which are coordinated with nitrogen and embedded into the carbon lattice, might
serve as one major type of active site. [1–7] These sites were found to be present in most
of the materials with the highest activities under acidic conditions. [1–7] This implies
that these sites should chemically behave similar to iron heme type systems or other iron
macrocyclic complexes and interact with molecules such as CO, NO and H2S. [8] Other
possible active sites are carbon encapsulated iron or iron carbide particles or metal free
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nitrogen moieties in the carbon lattice which might not necessarily interact with these
molecules. [9] Although signiﬁcant progress has recently been made in establishing the
active centre(s), most studies only provide indirect evidence for the active site as the
material is characterised ex situ with sophisticated procedures and experiments that are
open to interpretation, such as X-ray absorption and Mo¨ssbauer spectroscopy [1–3, 10]
and hence establishing correlations is challenging. Electrochemically investigating the ac-
tive site in situ is diﬃcult and requires a probe that interacts strongly. There are some
studies that investigate the eﬀect of certain molecules on the activity of Fe-N/C catalysts
(as discussed in Chapter 3, the term N/C is used to denote the iron-free nitrogen/car-
bon catalyst and Fe-N/C to denote the same catalyst with iron). Gupta et al. noted
early on that cyanide in alkaline solution decreases the activity of iron macrocyclic com-
pounds. [11] Thorum et al. investigated the eﬀect of various small molecules on a pyrolized
iron phthalocyanine catalyst under diﬀerent conditions and also found that it is strongly
inhibited upon cyanide treatment in alkaline solution. [12, 13] Singh et al. studied the
eﬀect of H2S on a pyrolyzed Fe-N/C catalyst and noted that ex situ treatment decreases
the electrochemical activity. [14] They inferred an iron centred structure as active site.
However, as discussed in Chapter 1, there are also studies that suggest that iron might not
necessarily be the active site. [15, 16] The most prominent study that raised doubts on the
active site was from the Dodelet group which did not ﬁnd an electrochemical interaction of
the catalyst with carbon monoxide an otherwise strong poison for iron. [17] In Chapter 4,
the peculiar poison tolerance of this material to hydrogen sulphide, aromatic molecules
(benzene, toluene), anions (chloride, phosphate) and methanol is also shown. [18] Al-
though this insensitivity to poisons seems contradictory, it does not necessarily exclude a
metallic active site. From metal complexes it is known that the structural and chemical
environment signiﬁcantly inﬂuences the aﬃnity of the active site to certain substrates. [8]
Another recent study investigates a broad spectrum of various small molecules such as
anions, thiocyanide, CO and NOx . [19] It found a slight activity decrease with anions,
a large eﬀect of thiocyanate and no interaction with CO and NOx . An iron(III) centre
was proposed as active site as CO would only interact with iron(II). However, NO should
interact with an iron(III) centre. [20] Although these studies provided some information,
no detailed study of the chemical and electrochemical behaviour was presented. Ideally, a
molecular probe that interacts with the active site forms stable adducts which are electro-
chemically accessible and behave diﬀerently depending on the external conditions. Such
information would allow correlation of ex situ and in situ measurements and elucidate
Chapter 5: Interaction of Fe-N/C catalyst with NO and NO−2 215
hitherto inaccessible trends, such as activities and densities of speciﬁc sites. This could
lead to the structured synthesis of the site with the highest activity and the ability to
overcome the currently insuﬃcient performance. Molecules from the aqueous nitrogen
cycle, such as nitric oxide or nitrite are an attractive option. This is due to the fact
that the nitrogen molecule exhibits a rich electrochemical behaviour and can exist in 9
oxidation states. [21, 22] As nitric oxide and nitrite have a tremendous importance for
biological systems and environmental chemistry, their interaction with iron macrocycles
has been extensively investigated. [8, 23–29] The electrochemistry of nitrite and nitric
oxide reduction is also well documented for precious metal based catalysts. [22, 28–34]
The reduction of nitrite might be of environmental beneﬁt through the destruction of this
pollutant; sensing application are also of interest for biological systems. [22, 35–37]
Scheme 5.1: Typical compounds of the diﬀerent nitrogen oxidation states present in
an acidic aqueous solution in descending order of oxidation state. The major pathways
for nitrite and nitric oxide electroreduction are highlighted. Green and blue pathway:
possible products and intermediates upon subsequent cleavage of N-O bonds without
N-N bond formation. Red and yellow pathway: likely products and intermediates upon
N-O cleavage with N-N bond formation. Grey dash-dot pathway: kinetically hindered
route. [21, 22]
Scheme 5.1 shows the diﬀerent oxidation states of nitrogen in aqueous solutions. [21]
The compounds of interest for this study are highlighted. It can be seen that there are
diﬀerent pathways for the electroreduction of nitrite and nitric oxide. The green and
blue pathway involve N-O bond cleavage without N-N bond formation, while the yellow
and red pathways include N-N bond formation. [22] In this study, we present a series of
experiments that investigate the interaction of an Fe-N/C catalyst or an N/C catalyst with
nitrite, hydroxylamine and nitric oxide under various reaction conditions. It is found that
the chemical and electrochemical behaviour observed can be explained using the chemistry
of iron macrocycles. It is also found that the Fe-N/C catalyst is highly active towards
the electroreduction of nitrite and nitric oxide. The diﬀerence in overpotential for the Fe-
N/C catalyst compared to the N/C catalyst is similar to the diﬀerence when performing
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the oxygen reduction reaction. Ammonia is a major product and hydroxylamine only
a minor by-product. Besides introducing a new powerful substrate to study Fe-N/C
catalysts, a highly active catalyst for the useful nitrite and nitric oxide reduction reaction,
able to break both N-O bonds in the nitrite, which could be exploited in biological and
environmental chemistry is demonstrated. [23, 37]
5.2 Results and Discussion
5.2.1 The interaction of the Fe-N/C catalyst with nitrogen containing
poisons
The synthesis and characterisation of Fe-N/C and N/C catalyst was described in Chap-
ter 3. Moreover, evidence has been provided that the active sites in the Fe-N/C material
are likely atomic iron sites coordinated with nitrogen, [1, 2, 7] as opposed to encapsulated
metallic or carbide phases which would have been visible in the microscopy images at this
resolution (see Chapter 3). [38–40]
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Figure 5.1: Rotating disk electrode (RDE) measurements of the ORR activity in acid
(a,c) or base (b,d) of a Fe-N/C catalyst before (untreated) and after subjecting it to
poisoning by a 0.125 M NaNO2 solution at pH 7 (a,b); or nitric oxide saturated 0.5 M
PO4-buﬀer at pH 7. RDE at 1600 rpm, catalyst loading at 270 μg cm-2, scan rate at 5
mV s-1 and O2-saturated electrolytes. Electrodes washed with DI water before retuning
to the electrolyte solutions, 0.5 M H2SO4 or 1.0 M NaOH for the poisoned measurement.
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In order to gain further information about the chemical behaviour of the active site, a set
of experiments were performed with inspiration taken from metal macrocyclic complexes,
which are known to interact with nitrite and nitric oxide. In order to understand the
poisoning eﬀect of these species on the active site, the Fe-N/C catalyst deposited onto
a glassy carbon rotating disk electrode (RDE) disk was assessed for oxygen reduction
reaction (ORR) activity in 0.5 M H2SO4 or in 1 M NaOH both before and after treatment
with the poisons under neutral pH conditions. In Figure 5.1 it can be seen that there
is a signiﬁcant poisoning on the activity of the catalyst under acidic conditions after
treatment with NO–2 (a) and NO (c), whereas under alkaline conditions the eﬀect is
almost unnoticeable (b) and (d), respectively. Combined with the signiﬁcant improvement
in performance when moving to alkaline conditions, this suggests that the sites active
under alkaline conditions do not contribute signiﬁcantly to the performance under acid
conditions. If the alkaline active site is not active or has only a low activity in acid and we
assume a site which promotes an inner sphere electron transfer, it would be desirable to
ﬁnd ways to prevent the formation of this alkaline active site and promote the formation
of the site which is highly active in acid if the catalyst is to be used in a proton exchange
membrane fuel cell (PEFC) (and vice versa if it is to be used in an alkaline fuel cell).
The presence of low activity sites will occupy space on the catalyst surface which could
otherwise be occupied by highly active sites, suggested in recent literature via ex situ
techniques to be atomic iron centres. [1–4, 7, 10] This dilution of highly active sites would
make it diﬃcult to reach the required active site density with the necessary turnover
frequency suggested by Gasteiger et al. [41] Using the present probe in combination with
physical characterisation methods might enable a diﬀerentiation of sites.
As one of the major possible uses for these catalysts is in PEFCs based on acidic mem-
branes, and as the largest eﬀect on the ORR on these catalysts are seen under acidic
conditions, in the following, the rest of the experiments will predominantly be conﬁned
to consider the ORR over the Fe-N/C catalyst in acid.
5.2.2 The interaction of the Fe-N/C catalyst with nitrite
The interaction of the Fe-N/C catalyst with the nitrite anion was investigated in more
depth.
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Figure 5.2: (a) Scheme showing the sequence of catalyst layer treatments, with the cru-
cial diﬀerence is the washing step that was either performed in 0.5 M H2SO4 (Pathway
A) or DI water (Pathway B). The corresponding measurements are shown in (b) and
(c): Rotating disk electrode (RDE) measurements in O2-saturated 0.5 M H2SO4 of the
ORR activity of a Fe-N/C catalyst before (untreated) and after poisoning by a 0.125 M
NaNO2 solution at pH 7. (b) Performance towards the ORR after acid wash following
nitrite treatment and then cycling in 1 M NaOH alkaline solution before returning to acid
solution to perform the ORR. Inset: Eﬀect of shifting cathodic endpoint to -0.3 V;(c)
Performance towards the ORR after DI water wash following the poisoning protocol and
then cycling in 1 M NaOH alkaline solution before returning to acid solution to perform
the ORR. 1600 rpm, catalyst loading at 270 μg cm-2, scan rate at 5 mV s-1.
In Figure 5.2, the stability of the poisoning species formed after exposure to nitrite and
(i) variations of pH; (ii) potential cycling in the ORR region; (iii) extended periods at
the OCV is considered. Figure 5.2 (a) shows the steps taken in two diﬀerent pathways
to poison the catalyst with the corresponding measurements shown in (b) and (c). The
crucial diﬀerence in the treatment is the washing step. It is either performed at low
or neutral pH (Figure 5.2 (a)). Figure 5.2 (b) shows that the poison forms when the
electrode is immersed in the nitrite solution at pH 7 and then washed with an acid
solution (Pathway A). Once the acid wash is performed, exposure of the electrode to
alkaline solution (and even performing the ORR in alkaline solution) does not recover the
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activity and there is still a 50 mV loss in performance upon returning to the ORR in the
acidic solution (Figure 5.2 (b)). This performance loss is also stable to extended cycling
under ORR conditions (between 1.05 V and 0.1 V vs RHE), and leaving the electrode
in solution at its OCV for 24 hours. Thus the poisoning species, once formed, is quite
stable. However, it can be removed by cycling the potential to -0.3 V at which potential
the poisoning species is reductively desorbed and the ORR activity recovered (Figure 5.2
(b) inset). In contrast, if instead of washing the electrode in acid solution after exposure
to nitrite, the electrode is washed with water instead of acid (Pathway B) and then
exposed to alkaline solution, the ORR performance is immediately recovered on cycling
in acid (Figure 5.2 (c)). This highlights the requirement for the adsorbed nitrite to be
exposed to acid solution in order to form the stable adduct.
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Scheme 5.2: Proposed reaction steps of the Fe-N/C active site after treatment with a
nitrite containing solution and subsequent treatment under diﬀerent pH conditions.
The response in Figure 5.2 (b) and (c) are rationalised in Scheme 5.2. After treating
the catalyst with nitrite solution and washing it with water, immersion of the nitrite
complexed Fe-N/C catalyst  into an acidic solution (0.5 M H2SO4) forms a poisoned
species  (see results in Figure 5.2 (b)). This species is stable in alkaline solution, as
shown from the protocol used in Figure 5.2 (b) in which the poisoned electrode is cycled
in alkaline solution before returning to acid solution to perform the ORR results displayed.
These steps seem to be associated with the decomposition of the nitrite ligand, which is
only weakly bound, to form a nitrosyl complex , which is signiﬁcantly stronger bound.
The lower bond strength of a nitrite (∼13 - 17 kJ mol-1) [42] compared to a nitrosyl ligand
(∼17 - 126 kJ mol-1) [43] is documented for iron heme based complexes and enzymes. Only
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when the potential is suﬃciently cathodic (Figure 5.2(b) inset), the nitrosyl complex
is reductively desorbed from the surface and the original activity completely recovered.
Interestingly, once formed, the poisoned complex  is also stable when extensively cycled
in an oxygen saturated alkaline solution (0.1 M NaOH) and then transferred back into the
acid solution to perform the ORR reaction. However, if complex  is immersed in alkaline
solution after washing with water and not exposed to acid, the ORR activity in acid is
immediately regenerated (Figure 5.2 (c)). This conﬁrms that upon treatment with acid, a
diﬀerent species is formed. It also suggests that the nitrite ligand is exchanged during the
cycling in alkaline solution before a strong nitrosyl species is formed with the possibility
that a hydroxo species  is formed. Immersion in acid then yields the unpoisoned active
site . Iron interacts strongly with hydroxide, as can be seen from the formation of
stable hydroxides. [44] For iron macrocyclic complexes, it has been shown that the nitrite
ligand can be converted to nitrosyl upon reaction with protons and removal of water. [45]
This parallelism points towards an iron centred active site in acidic electrolyte. While
the nitrite ligand is only weakly bound to the active site and can be replaced by the
relatively strong hydroxo ligand, the nitrosyl ligand, which forms upon acid treatment, is
signiﬁcantly stronger and will not be replaced (Figures 5.2 (a) and (b)). It also indicates
that the iron centre is not accessible as active site in strongly alkaline solutions. This
is supported by the fact that catalysts completely devoid of metal have been reported
with high activities in alkaline electrolytes but not in acid. [46–48] It has to be pointed
out that the metal free N/C catalyst was weakly aﬀected by nitrite (see further below).
This minor eﬀect is likely due to the residual metal content (∼60 ppm) which would be
consistent with the hypothesis of a metal centred active site. As the active site adduct 
can be reductively destroyed, it is possible to use this technique to ”count” active metal
centres. This will be done in Chapter 6. As will be shown below, the product of the
electrochemical reduction of the nitrosyl adduct is ammonia.
5.2.3 The interaction of the Fe-N/C catalyst with nitric oxide
In order to conﬁrm whether a strong nitrosyl compound is the poisoned species, the
poisoning step in Figure5.2 (a), where the catalyst coated electrode was subjected to a
125 mM NaNO2 solution was replaced with a saturated solution of nitric oxide in a pH 7
phosphate buﬀer and the electrode immersed in that solution for 5 minutes at a rotation of
300 rpm. As with the previous experiments the stability of the adduct formed was studied
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Figure 5.3: Rotating disk electrode (RDE) measurements in O2-saturated 0.5 M H2SO4
of the ORR activity of a Fe-N/C catalyst before (untreated) and after poisoning in a
NO-saturated 0.5 M PO4-buﬀer solution at pH 7. Performance towards the ORR after
(a) acid wash following NO treatment and then cycling in 1 M NaOH alkaline solution
before returning to acid solution to perform the ORR or (b) DI water wash following
NO treatment and then cycling in 1 M NaOH alkaline solution before returning to acid
solution to perform the ORR. In both cases the eﬀect of extending the potential sweep
to -0.3 V is also displayed. 1600 rpm, loading: 270 μg cm-2, 5 mV s-1, electrolyte: 0.5 M
H2SO4, O2-saturated electrolyte.
as a function of i) immersion in acid solution; ii) cycling in alkaline solution and iii) cycling
into a deeply reducing potential. Again, two diﬀerent pathways (post-poisoning), an acid
and an alkaline one have been followed, where Pathway C is analogous to Pathway A,
i.e. replacing the poisoning step with NO instead of NO–2 while keeping all other steps
the same, and Pathway D is analogous to Pathway B, respectively.
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Scheme 5.3: Proposed reaction steps of the Fe-N/C active site after treatment with
nitric oxide at pH 7 and subsequent treatment under diﬀerent pH conditions.
The results are shown in Figure 5.3 and interpreted in Scheme 5.3. In the acid Pathway
C (Figure 5.3 (a)), the catalyst was subjected to acid, before cycling in alkaline and then
performing the ORR in acid again. After this treatment, the ORR activity did not recover.
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Interestingly the catalyst could be recovered in the same way as the nitrite treated adduct
(Figure 5.2 (b) inset) by scanning to a lower potential and reductively stripping oﬀ the
adduct. This suggests that the active site complex formed with nitrite in acid () and
the stable intermediate formed with nitric oxide (’,”) are the same and supports the
hypothesis of the formation of a nitrosyl complex upon acid treatment. If the nitrosyl
complex indeed is present and is the stable species, it should form without acid treatment
and survive the cycling in alkaline electrolyte. Therefore, the same experiments were
performed without acid treatment, Figure 5.3 (b). In this experiment, after subjected to
nitric oxide in the pH 7 buﬀer and subsequent DI water wash, the catalyst was cycled in 1
M NaOH leading to . It was found that with nitric oxide, the stable complex ”’ forms
without acid treatment, as can be seen from the decreased ORR performance (Figure 5.3
(b)). Again the performance can be recovered under low potential. This suggests that
the same complex is formed upon nitric oxide treatment (’,”, ”’) and nitrite/acid
treatment (). The interaction of the catalyst with nitric oxide was then investigated in
more depth in order to assess whether interpretable diﬀerences could be found.
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Figure 5.4: Rotating disk electrode (RDE) measurements in O2-saturated 0.5 M H2SO4
of the ORR activity of a Fe-N/C catalyst before (untreated) and after poisoning in a
saturated nitric oxide 0.5 M H2SO4 solution. (a) eﬀect of poisoning the electrode at
OCV; (b) eﬀect of poisoning the electrode by performing cyclic voltammetry (1.05 V to
-0.3 V) in the NO-saturated 0.5 M H2SO4 solution. Inset: ORR response of electrode
in 1 M NaOH. In both cases the eﬀect of extending the potential sweep to -0.3 V is
also displayed. 1600 rpm, loading: 270 μg cm-2, 5 mV s-1, electrolyte: 0.5 M H2SO4,
O2-saturated electrolyte.
This time, the catalyst (RDE) was poisoned by immersion in an acidiﬁed NO solution
(instead of the pH 7 solution described above). Two diﬀerent cases were considered.
In the ﬁrst the electrode was poisoned by immersion at OCV (shown as Pathway E
in Scheme 5.4 with experiments in Figure 5.4 (a)), in the second it was poisoned by
electrochemical cycling in the acidiﬁed NO solution (shown as Pathway F in Scheme 5.4
with experiments in Figure 5.4 (b)). When the electrode was poisoned at the open circuit
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potential at 300 rpm for 10 minutes and subsequently washed in DI water, there is a clear
poisoning eﬀect which is signiﬁcantly stronger (∼170 mV compared to ∼41 - ∼65 mV)
than previously observed when the catalyst was subjected to nitric oxide at pH 7 for 5
minutes (Figure 5.3).
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Scheme 5.4: Proposed reaction steps and active site species formed when subjecting
the catalyst to an acidic NO solution, without electrochemical cycling (Pathway E) and
with electrochemical cycling (Pathway F).
Possibly, this is due to the formation of other intermediates,  or  in Scheme 5.4, formed
due to the change in open circuit potential caused by the pH shift (pH 7 compared to
pH 0.3). Nevertheless, full recovery is still possible for these proposed poisoned species
if the potential is reduced low enough to allow reductive stripping. However, the full
recovery involves the change of electrolyte this time, which was not necessary before. It
might be possible that a second set of active sites is poisoned during this protocol or the
product that stripped oﬀ at low potentials contaminates the electrolyte due to a higher
concentration, which might not have been the case before (e.g. ammonium trapped in the
sulfonated groups of the Naﬁon™ binder). When the electrode is cycled in the acidiﬁed
NO containing electrolyte between 1.05 and -0.3 V vs RHE (Figure 5.4 (b)) no recovery
was possible. Even extensive cycling to low potentials and the change of electrolyte could
not recover the electrode. Interestingly, the activity decrease is even larger as compared
to the OCP case (Figure 5.4(a)) (∼ 230 mV vs ∼170 mV). Indeed, the poisoned catalyst
approaches the activity of the nominally metal free N/C catalyst. This might indicate
that almost all the metal induced active sites are poisoned (e.g. formation of ) or
leached out. Interestingly, the alkaline activity of the strongly poisoned compared to the
unpoisoned Fe-N/C catalyst is not signiﬁcantly diﬀerent (only a 12 mV shift in half-wave
potential) as can be seen in the inset in Figure 5.4 (b). This again supports the hypothesis
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of a non-metal centred active site in alkaline electrolyte, even if metal sites are present in
the material. Ramaswamy et al. suggested an outer sphere electron transfer mechanism
on this type of catalyst in alkaline electrolyte. [6] This means that even if the metal is
covered by hydroxyl or nitrosyl, it still might be able to contribute to the activity. The
irreversible poison eﬀect observed in Figure 5.4 (b) could be interpreted as the formation
of an even more stable nitrosyl species () which acts as a kinetic dead end. [4, 49, 50]
For iron complexes, two diﬀerent conformations of nitrosyl ligation are possible; the linear
() and the bent form (). [49, 51] However, further experiments would be necessary to
conﬁrm this hypothesis. Severe degradation of the active site might also be considered.
The use of nitrite and nitrosyl in combination with ex situ characterisation methods such
as X-ray absorption spectroscopy, Mo¨ssbauer spectroscopy and electron spin resonance
might enable insight into the underlying phenomena and diﬀerentiation among metal
centred active sites.
5.2.4 The interaction of the Fe-N/C catalyst with hydroxylamine
As can be seen in Scheme 5.1, hydroxylamine is an intermediate in the nitrite/nitric
oxide reduction pathway to ammonia,[22] analogous to peroxide being the intermediate
for the ORR to water. It is known that hydroxylamine interacts with iron macrocyclic
complexes and also that it decomposes upon contact with transition metal ions.[52] This
is a similar behaviour as hydrogen peroxide.[53] The eﬀect of hydroxylamine treatment
on the catalyst was investigated to gain further information.
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Figure 5.5: ORR performance before and after treatment in a 0.125 M hydroxylamine
solution at pH 7. 1600 rpm, loading: 270 μg cm-2, 5 mV s-1, electrolyte: 0.5 M pH 7
PO4-buﬀer, O2-saturated.
Chapter 5: Interaction of Fe-N/C catalyst with NO and NO−2 225
After determining the original activity in a pH 7 phosphate buﬀer (in 4.2.5.1 it has been
shown that mechanism and active site are likely to be the same in the pH region 0 - 9),
the electrode was subjected to a neutral solution of hydroxylamine and then washed in
DI water. In order to avoid the acidic decomposition, the ORR was then carried out at
pH 7 in a phosphate buﬀer, so the electrode was never in contact with an acidic solution.
Figure 5.5 shows that the same behaviour of poisoning and recovery is observed as for
NO treatment in alkaline and acid (in the absence of potential cycling).
e-H+
NH4
Fe Fe
NH2OH
pH 7
NH2OH
Fe
NO
pH 7pH 7 NH2OH
H2O,NH4
Pathway G
DisproportionationRecovery
Active Unstable
Stable,
inactive
?
?
?
Scheme 5.5: Proposed reaction steps of the active site upon contact with hydroxylamine
and subsequent electrochemical recovery.
This same poisoning eﬀect as seen for nitrite suggests the formation of the same nitrosyl
complex (, in Scheme 5.5). This can be explained by a spontaneous disproportionation of
hydroxylamine to form NO and water which is reported for the contact of hydroxylamine
with transitions metals or heme complexes. [52, 54] It further supports the similarity of
the active site to iron macrocyclic complexes or at least metallic centres.
5.2.5 Eﬀect of poisons on metal free N/C catalyst
Figure 5.6 shows that the eﬀect of nitrite, nitric oxide and hydroxlamine is negligible on
the metal free N/C catalyst.1 The slight eﬀect is attributed to the residual metal content
of 60 ppm (see 3.2.3).
1Poisoning with nitrite and nitric oxide was performed analogous to Pathway A and C, respectively,
omitting the cycling step in alkaline. For hydroxylamine, the same steps have have been taken as for the
Fe-N/C catalyst.
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Figure 5.6: Rotating disk electrode measurements of the metal free N/C catalyst before
and after subjecting it to nitrite, hydroxylamine and nitric oxide, 1600 rpm, loading: 270
μg cm-2, 5 mV s-1, 0.5M H2SO4, O2-saturated electrolyte.
5.2.6 Eﬀect of the poison on the cyclic voltammetry of the Fe-N/C
catalyst
When cyclic voltammetry is performed on this type of catalysts in the absence of oxygen,
many iron containing catalysts exhibit a reversible redox peak at around 0.6 - 0.8 V versus
RHE. [6, 55] As many metal free catalysts do not exhibit this peak, some publications
associated it with the metal centred Fe2+/Fe3+ redox peak of the active site. [6, 55] It
has to be pointed out that this peak can also be associated with a quinone/hydroquinone
couple on the carbon surface. [56] Nevertheless, it is peculiar that a catalyst devoid of metal
and prepared in the same way does not exhibit this peak. Ramaswamy et al. reported a
relationship with the position of the redox peak and the activity of the catalyst. [6] The
charge associated with this peak was used to determine the number of active sites and
hence the site density.
Comparing the Fe-N/C catalyst with the metal free catalyst N/C (Figure 5.7 (a)), it
becomes apparent that the metal free catalyst does not exhibit this reversible redox peak,
while the metal containing catalyst does. Therefore, the eﬀect of the poison on this peak
was investigated. De Groot et al. investigated iron heme compounds and iron containing
enzymes, which were immobilised on electrodes, for their interaction with nitric oxide and
its catalytic activity towards NO reduction. [28, 29] In that study, they also investigated
the redox behaviour and the eﬀect of the formation of a nitrosyl complex on the Fe2+/Fe3+
redox peak and found that this peak is suppressed upon exposure to nitric oxide. If the
redox peak was associated with the iron centre which serves as active site, there should
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Figure 5.7: Cyclic voltammetry of the Fe-N/C catalyst in nitrogen saturated electrolyte,
comparing the unpoisoned state to the strongly poisoned state. It can be seen that the
redox peak at ∼0.6 V vs RHE is not signiﬁcantly aﬀected by the poison. (a) 10 mV s-1
in pH 5.2 acetate buﬀer without and with 3 mM NaNO2. The N/C catalyst does not
show this redox peak. Inset: measurement in O2-saturated electrolyte with and without
3 mM NaNO2, 5 mV s
-1 (b) 100 mV s-1 in 0.5 M H2SO4 before and after subjecting it
to cycling in NO saturated electrolyte. 1600 rpm, loading: 270 μg cm-2, N2-saturated
electrolyte.
be some eﬀect on the position or magnitude of the peak. However, it can be seen that
neither the Fe-N/C catalyst cycled in a 3 mM nitrite containing solution (Figure 5.7 (a)),
which signiﬁcantly aﬀects the catalytic activity (210 mV potential shift see Figure 5.7 (a)
inset), nor the irreversibly poisoned Fe-N/C catalyst, which almost lost its complete metal
cantered activity (230 mV potential shift see Figure 5.4 (b)), shows a signiﬁcant eﬀect
on the alleged Fe2+/Fe3+ peak (Figure 5.7 (b)). The slight change in capacitance of the
catalyst after Pathway F (Figure 5.7 (b)) is likely due to oxidation of the carbon surface
by nitric oxide. However, the redox peak is unaﬀected. There are diﬀerent possibilities as
to this behaviour;
(i) The peak is not associated with the metal redox peak and/or the catalytic activity
whatsoever, e.g. it might arise due to the quinone/hydroquinone couple. The
addition of metal merely increases the concentration of this species;
(ii) The peak is associated with metallic active sites that are signiﬁcantly less active and
do not interact with the poison. The highly active sites, however, strongly interact
with nitrite and nitric oxide;
(iii) The species associated with the peak is buried within the material and has no access
to the surface and hence the poison. It might or might not inﬂuence the activity
indirectly via long range eﬀects.
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A better understanding of this phenomenon might lead to better catalysts and should be
investigated further.
5.2.7 Nitrite electroreduction to ammonia
As the Fe-N/C catalyst interacts strongly with nitrite, a question arose whether it would
be active towards the electroreduction of the compound. This could on the one hand
provide more information on the active site and on the other hand be useful in itself, as
nitrite is an environmental pollutant and important biological messenger molecule. [22, 23]
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Figure 5.8: Rotating disk electrode measurements of a metal free catalyst N/C and
an iron containing catalyst Fe-N/C towards nitrite reduction as a function of pH. 3 mM
NaNO2 containing N2-saturated electrolyte (a) pH 5.2 acetate buﬀer, (b) pH 7 phosphate
buﬀer (c) pH 9 borate buﬀer. (d) pH dependence of the corrected potential at 0.1 mA
cm-2 towards nitrite reduction on the Fe-N/C catalyst Inset: corresponding Tafel -plots.
Therefore, the catalytic activity of the Fe-N/C and the N/C catalysts was compared
at diﬀerent pH values towards nitrite reduction. Figure 5.8 (a) - (c) shows rotating
disk electrode measurements of the catalysts in 3 mM NaNO2 containing buﬀer solutions
at pH 5.2, 7 and 9 respectively. It can be clearly seen that the Fe-N/C catalyst is
signiﬁcantly more active towards the reduction of nitrite than N/C. The onset potentials
are ∼ -0.3 V vs SCE (∼ -0.2 V vs RHE), -0.5 V vs SCE (0.1 V vs RHE) and -0.8 V vs
SCE (-0.08 V vs RHE), respectively. Interestingly, these overpotentials are signiﬁcantly
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lower than the ones reported by Duca et al. for hemin adsorbed on pyrolytic graphite. [57]
Therefore, the pyrolised catalyst might be more active than unpyrolised iron heme centres.
Although the pyrolized material might have more accessible active sites as compared
to the unpyrolized material. However, an increase in activty would be analogous to
the eﬀect of heat treatment of heme based systems on the activity towards the oxygen
reduction reaction. [58, 59] It can also be seen that the N/C catalyst while still showing
some activity requires an extra overpotential over the Fe-N/C catalyst of -230, -295
and -355 mV, respectively. It is also evident that the nitrite reduction becomes more
sluggish towards higher pH values. It shows a slope of ∼ 104 mV pH-1 (Figure 5.8 (d)),
somewhat diﬀerent to the 59 mV pH-1 unit expected for a simple proton coupled electron
transfer. This indicates that a complicated multielectron and multiproton reduction is
expected for this process. Duca et al. showed that for hemin adsorbed on pyrolytic
graphite, the reduction of nitrite must occur via the decomposition of HNO2 prior to
electroreduction. [57] However, for the Fe-N/C catalyst shown here, this is not the case,
as the concentration of HNO2 is too low to be able to obtain the observed currents.
This is even more obvious at pH 7 and higher, where the observed currents are orders of
magnitudes higher than would be possible with the concentration of HNO2.
2 It is therefore
inferred that the catalyst is capable of activating the unprotonated nitrite molecule.
A Koutecky-Levich analysis at pH 5.2 and 7 indicates a high electron transfer number of
5.2 and 4.8 respectively (Figure 5.9 (a) and (b)). In order to achieve a better idea of the
product distribution of this complex reaction, the hydroxylamine content was monitored
via the rotating ring disk electrode (RRDE) with a Pt ring (Figure 5.9). It was found
to be negligible at pH 5.2 (Figure 5.9 (c)) and slightly higher (∼3%) at pH 7 (Figure 5.9
(d)). The high electron transfer number and the low hydroxylamine content suggest
the production of ammonia. Therefore, a long term electrolysis experiment of 10 mM
potassium nitrite in 50 mM potassium acetate buﬀer at pH 5.2 was performed and the
ammonia and nitrite content was followed over time with ion chromatography.
Figure 5.10 shows the amount of ammonia produced and nitrite consumed versus the
charge passed. It can be seen that at least 25% of the nitrite consumed is converted
into ammonia. The other 75% might be nitrogen. It indicates that this complex reaction
2From the Levich equation by determining C(HNO2) with the equlilibrium constant K = 4·10-4 M2
for the NO–2 +H
+ HNO2 couple at the respective pH and a NO
–
2 concentration of 3 mM, a limiting
current of 3.9·10-3 mA cm-2 is calculated for pH 7 and 3.9·10-5 mA cm-2 for pH 9, if HNO2 was the species
that was reduced. However, 4.0 mA cm-2 and 1.5 mA cm-2 were the measured maximum current densities
in this work, respectively. D = 1.2· 10-5 cm2 s-1 (from Ref [60]), v = 0.01 cm2 s-1 (from Ref. [60]), n = 6.
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Figure 5.9: (a) and (b) Rotating disk electrode (RDE) Koutecky-Levich (K-L) analysis
of the Fe-N/C towards nitrite reduction in (a) 0.5 M pH 5.2 acetate buﬀer, (b) 0.5 M pH
7 PO4-buﬀer. Insets: K-L plots to extract electron transfer number (c) and (d) Rotating
ring disk electrode (RRDE) measurements, to determine the amount of hydroxylamine
formed. (bottom) disk current (top) ring current in % disk current, when taking the
collection eﬃciency of the ring into account. (c) Electrolyte: 0.5 M pH 5.2 acetate
buﬀer; Ring potential: 0.45 V vs SCE (b) Electrolyte: 0.5 M pH 7 PO4-buﬀer; Ring
potential: 0.3 V vs SCE. 1600 rpm, 270 μg cm-2 catalyst loading, 5 mV s-1. (inset)
chronoamperometry of the ring at the respective ring potential before and after adding
1 μM hydroxylamine to the solution. Current spike occurs when the solution is added.
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Figure 5.10: Ion chromatographic ammonia yield and nitrite consumed versus charge.
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proceeds via diﬀerent pathways (see Scheme 5.1). The low production of hydroxylamine
and the high detected amount of ammonia is striking, as both N-O bonds are broken.
This is not typical for simple iron-heme based catalysts, as they have been reported to
produce close to 100% hydroxylamine and are not able to break the second N-O bond. [28]
Either complex enzymes or precious metal based catalysts have been reported to produce
ammonia depending on the conditions. [22]
5.2.8 Nitric oxide electroreduction
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Figure 5.11: Rotating disk electrode (RDE) measurements in O2-saturated 0.5M
H2SO4 of the ORR activity of a Fe-N/C catalyst before (untreated) and after poisoning
by a 0.125 M NaNO3 solution at pH 7. a) Performance towards the ORR after acid wash
following nitrite treatment and then cycling in 1M alkaline solution before returning to
acid solution to perform the ORR. Inset: Eﬀect of shifting cathodic endpoint to -0.3V;
b) Performance towards the ORR after DI water wash following the poisoning protocol
and then cycling in 1M alkaline solution before returning to acid solution to perform the
ORR . RDE at 1600 rpm, catalyst loading at 270 μg cm-2, scan rate at 5 mV s-1.
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The nitric oxide reduction reaction was examined as well in order to gain further informa-
tion. Again, three pH values 5.2, 7 and 9 were evaluated (Figure 5.11 (a) - (c)). It can be
seen that the onset potential is shifted upwards for both the Fe-N/C and N/C catalyst
as compared to the nitrite reduction. Also striking is that the diﬀerence in overpotential
between the two catalysts is signiﬁcantly smaller than that for nitrite reduction. It is
∼83 mV, ∼5 mV and ∼120 mV for pH 5.2, pH 7 and pH 9, respectively. This indicates
that the nitric oxide molecule is activated diﬀerently as compared to the nitrite molecule,
presumably on the metal containing active site as well as on another metal free site or
on the doped carbon surface via an outer sphere mechanism. It is also apparent that
the reductive wave shows a plateau for both the Fe-N/C and the N/C catalyst. This
behaviour was observed for the NO reduction on precious metal catalysts but not for iron
heme based systems, as they only showed a single reduction wave at signiﬁcantly lower
potentials (higher overpotentials). [28] In the case of the Fe-N/C catalyst, a plateau
with a current of ∼1.5 mA cm-2 is visible (Figure 5.11 (a) - (c)) suggesting a one electron
transfer, which would have a theoretical limiting current of 2.3 mA cm-13, and suggesting
the reduction of NO to N2O (see Scheme 5.1). Interestingly, De Groot et al. observe
a similar shape with a reductive pre-wave at a current of 1.63 mA cm-2 and at similar
potentials, but on a Pt disk, and argued that this would correspond to a one electron
reduction. [28] This puzzling result could have interesting implications on the diﬀerent
modes of activation towards small molecules in this type of material. The carbon catalyst
might exhibit an electrocatalytically active surface that might be modiﬁed by diﬀerent
dopants in addition to distinct active sites. It is also striking that the N/C catalyst
performs not signiﬁcantly worse than the Fe-N/C catalyst. Moreover, it shows a sim-
ilar shape of a reductive pre-wave. This suggests indeed a diﬀerent activation of NO as
compared to nitrite. Investigating the eﬀect of pH on the two reductive waves shows that
the ﬁrst wave exhibits a very low pH dependence (∼20-40 mV pH-1) of the potential at
which a kinetic current of 0.25 mA cm-2 is achieved (Figure 5.11). Such low values are
signiﬁcantly smaller than the expected 59 mV pH-1 when a proton is involved in the rate
determining step. This indicates a contribution from a pH independent pathway. The
reduction to N2O would be such a reaction that could be pH independent. In contrast,
the second wave shows a much larger pH dependence of ∼85mV pH-1. The values for
the N/C catalyst are ∼18 mV pH-1 and ∼100 mV pH-1, respectively. The second wave
3Calculated from the Levich equation. D = 2.2 x 10-5 cm2 s-1 (from Ref. [61]), v = 0.01 cm2 s-1 (from
Ref. [60]), C = 1.7 mM (from Ref. [61]))
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however shows a slope of ∼85 mV pH-1 for the Fe-N/C catalyst and ∼100 mV pH-1 for
theN/C catalyst, which suggest a strong pH dependence, similar to the nitrite reduction.
It can also be seen that the diﬀerence in overpotential between Fe-N/C and N/C of the
second wave is smaller when compared to the nitrite reduction. This also indicates that
the second wave for the nitric oxide reduction has both a contribution from the metal free
activity and the metal containing site. This makes NO in combination with nitrite and
ex situ characterisation methods a powerful experimental approach to probe the diﬀerent
active sites. Further insight might be gained by investigating the product distribution in
more detail, with studies such as diﬀerential electrochemical mass spectrometry (DEMS)
as has been done for other catalysts. [32]
5.2.9 Possible use of Fe-N/C catalysts as diagnostic sensor materials
Sensors which can simultaneously determine nitric oxide, nitrite and oxygen would be
desirable for biological systems, due to the importance of these molecules in regulating
metabolic functions. [23, 35–37, 43, 62] The voltammetric response of the Fe-N/C catalyst
to diﬀerent combinations of substrates in the electrolyte is shown in Figure 5.11. The
response of the catalyst towards the diﬀerent substrates has been probed with the rotating
disk electrode at 1600 rpm under physiological conditions in a pH 7 phosphate buﬀer. It
can be clearly seen that there are signiﬁcant diﬀerences. In the absence of any reactive
substrate, under nitrogen, the catalyst does not show any current in a wide potential
window. When the electrolyte is saturated with pure oxygen, it exhibits a clear wave
with an onset potential of ∼0.24 V vs SCE. A solution of 3 mM nitrite in the absence
of oxygen (nitrogen saturation) shows a reductive wave with an onset potential of -0.56
V vs SCE. Importantly the reductive wave is signiﬁcantly diﬀerent to the response for
pure nitric oxide, which shows a pre-wave at higher potential (0.08 V vs SCE onset
potential) and a limiting current at lower potential (∼-1.0 V vs SCE). The combination
of nitrite and nitric oxide shows a similar response to pure nitric oxide but without a
limiting current. This makes it possible to diﬀerentiate between nitrite and nitric oxide
and even distinguish between pure nitric oxide and the combination of both. Finally,
the combination of nitrite and oxygen shows again a diﬀerent response with a ﬁrst wave
associated with oxygen reduction, an onset potential of ∼0.16 V vs SCE and a second
wave associated with nitrite reduction starting at∼-0.53 V vs SCE. This speciﬁc behaviour
could be exploited for sensors in biological systems.
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5.3 Conclusions
Here, we demonstrated that a heat treated Fe-N/C catalyst interacts strongly with
nitrite, nitric oxide and hydroxylamine. The catalyst was exposed to diﬀerent treatments
after the poisoning step allowing formation of either a weakly bound nitrite complex or a
signiﬁcantly stronger nitrosyl complex with, presumably, an iron centred active site. These
species are stable towards electrochemical cycling and time, but can be recovered (removal
of adsorbate) if cycled to low potentials. With nitric oxide, there is the possibility to form
a species which cannot be recovered. This behaviour is an indication for a set of active sites
with similar behaviour to iron heme based catalysts. However, a more in depth analysis
is now possible by utilising this probe. The Fe-N/C catalyst is highly active towards
reduction of nitrite, showing a large diﬀerence to the metal free N/C catalyst, which is
signiﬁcantly less active, as is also seen for the oxygen reduction reaction. In contrast to
iron heme complexes, which predominantly form hydroxylamine, i.e. do not break the
second N-O bond, the Fe-N/C catalyst forms ammonia as a major by-product and is
able to break both N-O bonds. While iron heme complexes cannot activate unprotonated
nitrite, the Fe-N/C catalyst does catalyse the reduction even at high pH values. This
behaviour is similar to complex enzymes or precious metal surfaces. The nitric oxide
reduction shows a diﬀerent behaviour with two reductive waves similar to precious metal
surfaces. This study oﬀers insight into the chemical behaviour of the active site and
a new probe for further investigation through ex situ methods. This might facilitate
the identiﬁcation of key features of highly active sites and the improvement of this type
of catalyst. The signiﬁcant diﬀerence in the response towards nitrite, nitric oxide and
oxygen might inspire the development of new sensors for biochemical and environmental
applications.
5.4 Experimental Part
5.4.1 Electrochemical Experiments
RRDE was conducted as described 3.4.2 and 4.4.5. And electrolytes were prepared as de-
scribed in 4.4.5. When nitric oxide (from BOC >99%) was used, it was passed through 2
washing bottles ﬁlled with 3M KOH (AnalaR NORMAPUR®, VWR). This was necessary
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in order to remove trace amounts of NO2. [28] Before passing NO into the electrochemi-
cal cell, the electrolyte was degassed with nitrogen and blanketed afterwards in order to
avoid the reaction of NO with O2. [63] Electrolytes were prepared in ultrapure (DI) water
(MilliQ 18.2 MΩ cm). The nitrite solution was prepared from NaNO2 (ACS reagent,
99%, Sigma-Aldrich) and the hydroxylamine solution was prepared from NH2OH ·HCl
(ReagentPlus®, 99%, Sigma-Aldrich) in pH 7 phosphate buﬀer. For the long term elec-
trolysis experiment a pH 5.2 0.05 M acetate buﬀer was prepared from potassium acetate
(99%, Sigma-Aldrich) and glacial acetic acid (AnalaR NORMAPUR®, VWR) and the
nitrite source was 0.01 M KNO2 (VWR, 99%). The lower concentration and the use
of potassium instead of sodium was necessary, as the low expected signal of ammonium
would otherwise have been swamped by the large signal of sodium with a similar elution
time. In a general procedure for the poisoning experiments, the rotating disk electrode
disk with deposited catalyst was washed in DI water and then immersed into a pH 7
solution of the respective poison (125 mM NaNO2, NO saturated 0.5 M phosphate buﬀer,
125 mM hydroxylamine solution) at open circuit potential (OCP) for 5 minutes under a
rotation of 300 rpm, and then washed for 5 minutes under a rotation of 300 rpm, before
measuring the ORR performance post exposure.
5.4.2 Poisoning Protocols
Steps taken for each pathway. All experiments were carried out on the RRDE tip.
Pathway A:
1. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR untreated)
2. Immersion of the electrode into a 125 mM NaNO2 solution at open circuit potential
(OCP) for 5 minutes @ 300 rpm (poisoning step)
3. Immersion of the electrode into 0.5 M H2SO4 at OCP for 1 minute @ 300 rpm
4. Cyclic voltammetry in O2-saturated 1 M NaOH at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm
5. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR after pathway 1)
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6. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - -0.3
V vs RHE @ 1600 rpm (ORR recovery)
Pathway B:
1. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR untreated)
2. Immersion of the electrode into a 125 mM NaNO2 solution at OCP for 5 minutes
@ 300 rpm (poisoning step)
3. Immersion of the electrode into DI water at OCP for 1 minute @ 300 rpm
4. Cyclic voltammetry in O2-saturated 1 M NaOH at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm
5. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR after pathway 2)
Pathway C:
1. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR untreated)
2. Immersion of the electrode into a NO saturated 0.5 M phosphate buﬀer at pH 7 at
OCP for 5 minutes @ 300 rpm (poisoning step)
3. Immersion of the electrode into 0.5 M H2SO4 at OCP for 1 minute @ 300 rpm
4. Cyclic voltammetry in O2-saturated 1 M NaOH at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm
5. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR after pathway C)
6. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - -0.3
V vs RHE @ 1600 rpm (ORR recovery)
Pathway D:
1. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
between 1.05 - 0.1 V vs
RHE @ 1600 rpm (ORR untreated)
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2. Immersion of the electrode into a NO saturated 0.5 M phosphate buﬀer at pH 7 at
OCP for 5 minutes @ 300 rpm (poisoning step)
3. Immersion of the electrode into DI water at OCP for 1 minute @ 300 rpm
4. Cyclic voltammetry in O2-saturated 1 M NaOH at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm
5. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR after pathway D)
6. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - -0.3
V vs RHE @ 1600 rpm (ORR recovery)
Pathway E:
1. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR untreated)
2. Immersion of the electrode into a NO saturated 0.5 M H2SO4 solution at OCP for
10 minutes @ 300 rpm (poisoning step)
3. Immersion of the electrode into DI water at OCP for 1 minute @ 300 rpm
4. Cyclic voltammetry in O2-saturated 1 M NaOH at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm
5. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR after pathway E)
6. Cyclic voltammetry inO2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - -0.3 V
vs RHE @ 1600 rpm (ORR recovery)
7. Change of 0.5 M H2SO4 electrolyte
8. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - -0.3
V vs RHE @ 1600 rpm (ORR recovered)
Pathway F:
1. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR untreated)
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2. Cyclic voltammetry in NO-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - -0.3
V vs RHE @ 1600 rpm (poisoning step)
3. Immersion of the electrode into DI water at OCP for 1 minute @ 300 rpm
4. Cyclic voltammetry in O2-saturated 1 M NaOH at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm
5. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1
V vs RHE @ 1600 rpm 6.) Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5
mV s-1 between 1.05 - -0.3 V vs RHE @ 1600 rpm (ORR recovery)
6. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
between 1.05 - 0.1 V vs
RHE @ 1600 rpm (ORR after pathway F)
Pathway G:
1. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - 0.1 V
vs RHE @ 1600 rpm (ORR untreated)
2. Immersion of the electrode into a 125 mM NH3OHCl solution in 0.5 M pH 7 phos-
phate buﬀer at OCP for 5 minutes @ 300 rpm (poisoning step)
3. Immersion of the electrode into a 0.5 M pH 7 phosphate buﬀer at OCP for 1 minute
@ 300 rpm
4. Cyclic voltammetry in O2-saturated 0.5 M pH 7 phosphate buﬀer at 5 mV s
-1
between 1.05 - 0.1 V vs RHE @ 1600 rpm (ORR after pathway G)
5. Cyclic voltammetry in O2-saturated 0.5 M H2SO4 at 5 mV s
-1 between 1.05 - -0.3
V vs RHE @ 1600 rpm (ORR recovery)
5.4.3 Ion Chromatography
Ion chromatography was performed on a Metrohm 850 Professional ion chromatography
system. The instrument was calibrated with 3 diﬀerent concentrations prepared from
a standard for nitrite (for IC TraceCERT®, 1000 mg L-1 NO2
– , Sigma-Aldrich) and
ammonium (TraceCERT®, 1000 mg L-1 NH4
+, Sigma-Aldrich). An aliquot of 5 mL of
the electrolyte was removed via a syringe after a respective amount of charge has been
passed and diluted by a factor of 50 with the respective cation or anion eluent in order
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to determine the concentration of nitrite and ammonium in the electrolyte. The columns
used were Metrosep A sup 5 150/4.0 at a ﬂow rate of 0.7 mL min-1 for anions and Metrosep
C4-150/4.0 at a ﬂow rate of 0.9 ml min-1 for cations. Eluents used were 3.2 mM H2CO3 +
1.0 mM NaHCO3 for anions and 1.7 mM nitric acid + 0.7 mM dipicolinic acid for cations,
obtained by dilution of commercial concentrates Nitric Acid/Dipicolinic Acid 20x (Fluka)
and Sodium bicarbonate/Sodium carbonate 20x (Fluka). Ultrapure water (MiliQ 18.2
MΩ cm) was used to prepare all dilutions and eluents.
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In the previous chapter it was found that nitrite is a useful probe for Fe-N/C catalysts and
reversibly deactivates certain active sites. Here a protocol is demonstrated that allows the
quantiﬁcation of these active centres which operate under acidic conditions by means of
reductive nitrite stripping, with direct correlation to the catalytic activity. The poisoning
protocol is reversible, but the poisoned catalyst is quite stable, allowing direct measurement
of catalytic activity of the poisoned catalyst followed by regeneration to the original activity.
The method is demonstrated for diﬀerently prepared materials. This indicates applicability
to a wide range of Fe-N/C catalysts and will allow researchers to easily assess the active
site density and mean turnover frequency of a speciﬁc type of highly active sites. It was
further found that the catalyst contains two fundamental types of Fe active sites. One
type (A) that reversibly binds nitrite to form a stable adduct and another type (B) which
interacts with nitrite and is blocked only if the species is present in solution. Once moved
to an uncontaminated electrolyte after poisoning, type A is still poisoned and needs to be
reductively regenerated, while type B is regenerated immediately.
Chapter 6
In situ electrochemical
quantiﬁcation of active sites in
Fe-N/C catalysts
6.1 Introduction
As discussed in previous chapters, the exact nature of the active sites in Fe-N/C materials
remains elusive. Recent spectroscopic studies provide evidence that one type of highly
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active sites might be atomic iron centres, possibly coordinated with nitrogen. [1–3] These
might chemically behave similarly to haem-like complexes. [1–3] Ex situ quantiﬁcation of
iron sites in these materials has recently been demonstrated. [4] However, techniques such
as Mo¨ssbauer and X-ray absorption spectroscopy are not surface speciﬁc, do not allow the
direct correlation to the oxygen reduction activity and are impractical. [5] The intrinsic
catalytic activity of an electrocatalyst at a given potential is correlated with the current
density by the following relationship:
i [A g−1] = F [A s mol−1]× TOF [electrons site−1 s−1]×MSD [mol g−1] (6.1)
where i is the gravimetric current density at a given potential, F is Faradays constant,
TOF is the turnover frequency in electrons per site per second and MSD the gravimetric
active site density. [6] There are two ways to improve the catalyst performance. Ei-
ther the turnover frequency or the accessible site density has to be increased. [6] It is
therefore necessary to accurately determine these values in order to develop a rational
structure/activity relationship. To date there is no coherent and simple method to mea-
sure the intrinsic activity of Fe-N/C catalysts. These materials are usually prepared by
high temperature heat treatment of a suitable precursor material that contains carbon,
nitrogen and iron. [7–10] Recently, it has been shown that diﬀerent routes lead to a similar
set of preumably atomic iron sites. [5, 11, 12] A common probe to these iron sites would
allow a consistent approach to evaluating their activity. Although extensive eﬀorts have
been employed, to date no true understanding could be established as how to increase
the active site density or turnover frequency. Although changes to catalyst synthesis can
lead to changes in electrocatalytic performance, the only clear trend identiﬁed to date
within Fe-N/C catalysts is a correlation of iron content and activity, indicating that an
increase in metallic centres increases the active site density while preserving the TOF. [13]
However, for other changes such as diﬀerent gas treatments, it is not clear whether the
increase in activity is due to changes in the activity of the catalyst site (TOF), or the site
density (MSD). The latter may occur by improving access to sites through morphological
changes in the catalyst structure during treatment. We cannot simply count the amount
of transition metal in our catalyst as a large proportion has been shown to be in inac-
tive phases or buried within the structure. [4] Although cyanide, thiocyanide or hydrogen
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sulphide do interact or poison Fe-N/C catalysts, these species could not be successfully
utilized as electrochemical probes. [14–16]
In contrast, it is also shown in Chapter 5 that Fe-N/C catalysts strongly interact with the
nitrite anion and form a stable poisoned catalyst adduct, while a metal free catalyst is
unaﬀected. The stability of this adduct is remarkable and enables its use as an active site
probe - once formed the adduct is not removed even after storing the electrode at OCP
in electrolyte for 24 hours, or by performing an ORR scan across the potential region
typically used. Such stability and ability to operate during the ORR is not commonly
seen for such ”reversible” poisons, e.g. CO adsorption on platinum. Moreover, under
the right conditions, the catalytic activity can be completely recovered through reductive
nitrite stripping at very low potentials. The stripping charge compared to the extent of
the poisoning allows quantiﬁcation of the number of active sites and direct correlation
to the activity allows the determination of the mean TOF. Furthermore, it is found that
there are two fundamental types of Fe sites, which are ORR active and interact with
nitrite diﬀerently.
6.2 Results and Discussion
Although nitrite poisons the catalytic activity in acid electrolyte at a pH of 0.3 as it does
at higher pH electrolytes, it was necessary to resort to higher pH values for the stripping
experiments. This was done in order to improve quantiﬁcation of the stripping peak and
to remove interference caused by the formation of NO and NO2 by acid decomposition of
nitrite. The justiﬁcation for using pH 5.2 and evidence for the applicability of the ﬁndings
at pH 5.2 to the technologically important acidic pH is provided in 6.2.6.
6.2.1 Electrochemical stripping protocol
In order to determine the number of active sites, it is necessary to perform a series
of experiments with the catalyst deposited on a rotating disk electrode (RDE) in a 3-
electrode setup. [17] A 0.5 M acetate buﬀer at a pH of 5.2 was used as electrolyte in
order to improve reproducibility. At this pH it was found that the nitrite reduction is
suﬃciently facile, while the nitrite anion is suﬃciently stable (see also Chapter 6).
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Figure 6.1: (a) ﬂow diagram showing steps required to assess the performance of a
catalyst and determine the catalyst site density; (b) Measurement protocol used to mea-
sure the electrochemical performance of the ORR and assess the charge associated with
reductive stripping of the adsorbed nitrite; (c) protocol used to poison the electrode using
a nitrite containing solution. (d) ORR performance of catalyst layer before, during and
after nitrite adsorption; (e) wide range baseline scan (avoiding nitrite reduction area) for
the catalyst layer before, during and after nitrite adsorption; (f) Narrow baseline scan
in the nitrite reductive stripping region before, during and after nitrite adsorption (g)
expansion of the region associated with nitrite stripping. All experiments were performed
in a 0.5 M acetate buﬀer at pH 5.2 for Fe-N/C catalyst using a rotating disk electrode
(RDE) setup, loading 270 μmg cm-2. [Taken with permission from Ref. [18]]
This enables the correlation of the stripping onset potential to the nitrite reduction onset
potential (Figure 6.2 (b)) and also shows that the metal free catalyst does not appreciably
reduce solution phase nitrite. A saturated calomel electrode (SCE) was used as reference
electrode and the potentials were converted to the reversible hydrogen electrode (RHE)
scale (as described in 4.4.5). Figure 6.1 (a) depicts the order of experimental steps.
After the electrode has undergone a cleaning protocol, a background scan is performed
utilising the steps shown in Figure 6.1 (b). These steps not only measure the performance
of the catalyst towards the ORR, but also measure the voltammetry in an oxygen free
environment over both, a wide potential range, avoiding the nitrite reduction area, and a
narrow potential range, in a more reductive region within which nitrite reduction occurs.
Following these preliminary scans, the electrode is poisoned following the protocol shown
in Figure 6.1 (c) utilising a nitrite concentration of 0.125 mol dm-3. The protocol shown
in 6.1 (b) is then repeated to measure the performance of the catalyst in its poisoned
state. The last sets of scans performed in the narrow, more reductive region lead to the
Chapter 6: In situ quantiﬁcation of active sites 251
reductive desorption of the nitrite. Finally the protocol shown in 6.1 (b) is again repeated
to see if the electrode has been recovered and returned to its initial state. Figures 6.1
(d) - (g) collect the respective voltammograms from each of the respective phases of the
measurements. Figure 6.1 (d) shows the ORR performance of the catalyst as a function
of poisoning. The catalyst performance is signiﬁcantly reduced by the presence of an
adsorbed nitrite intermediate, leading to a 90 mV shift in performance at 0.7 V (RHE).
Thus, activity of the catalyst is reduced to less than 20% of its unpoisoned state. Following
the stripping process, the ORR performance is totally recovered. Figure 6.1 (e) shows
that there is no discernible diﬀerence to the electrode voltammetry over a wide potential
range which avoids the nitrite reductive stripping region - all sweeps overlap each other. In
contrast, when the potential is swept to a lower potential, Figure 6.1 (f), there is an excess
in cathodic charge only when the electrode has been pre-exposed to nitrite. Furthermore,
this excess charge disappears on subsequent scans, and the scans are perfectly coincident
with those taken before exposure to nitrite. This region is shown in greater detail in
Figure 6.1 (g), and the excess charge is perfectly correlated with the electrode being pre-
exposed to nitrite during the poisoning protocol. As the catalytic activity is completely
recovered after the stripping CV is performed (Figure 6.1 (d)), the amount of stripped
charge is directly correlated to the decrease and recovery of the catalyst performance.
Moreover, the same experiments performed on a metal free N/C catalyst (∼60 ppm Fe)
do not show a signiﬁcant poison eﬀect or a signiﬁcant stripping charge (see 6.2.5), nor
homogeneous nitrite reduction (see also Chapter 6). This indicates that nitrite interacts
with the metal centre of the Fe-N/C catalyst. Therefore, the determination of the
intrinsic catalytic activity induced by the metal is possible.
Figure 6.2 shows the diﬀerence in current between the stripping peak and background (i.e.
diﬀerence in curves shown in Figure 6.1(g)) for both the Fe-N/C and N/C catalyst. It
can be seen that there is some stripping charge for the N/C catalyst, and it assigned to
residual iron in the sample ( 3.2.3 and 6.2.5). Also shown in Figure 6.2 is the homogeneous
reduction of nitrite on the same catalyst when nitrite is present in the acetate buﬀer at a
concentration of 3 mM together with the stripping voltammetry. It can be seen that there
is a clear coincidence between the stripping peak and the beginning of nitrite reduction,
strongly suggesting that they are the same process.
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Figure 6.2: (a) comparison between homogeneous reduction of aqueous nitrite (3 mM
NaNO2 in acetate buﬀer), and excess current associated with reductive stripping of in-
termediate on Fe-N/C or N/C catalyst. The reductive stripping curve is produced by
subtracting the unpoisoned from poisoned curve in Figure 3(g) (b) Kinetic current den-
sity of Fe-N/C catalyst before and after the poisoning step. O2-saturated electrolyte, 5
mV s-1 background and iR-corrected RDE experiments at 1600 rpm, electrolyte: 0.5 M
acetate buﬀer, loading: 0.27 mg cm-2. [Adapted with permission from Ref. [18]
6.2.2 Alternative coulometric stripping protocol
The stripping charge can alternatively be determined by stripping chronocoulometry.
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Figure 6.3: (a) Potential time protocol for the choronocoulometric stripping proto-
col (analogous to Figure 6.1) (b) Chronoamperometric transients for determination of
the reductive stripping charge for the Fe-N/C catalyst. [Adapted with permission from
Ref. [18]]
The protocol is shown in Figure 6.3 (a) and a typical coulometric measurement Figure 6.3
(b). After preparing the electrode in the same manner as described in Figure 6.1, the elec-
trode potential is stepped from 0.79 V to 0.21 V versus RHE and the charge is recorded.
6.2.3 Active site density and turnover frequency
In Chapter 6 it is shown that ammonia is a major product and if only adsorbed nitrite is
present (i.e. no nitrite in solution for the N-N bond formation) the only possible product.
Hence, it is assumed that the nitrite ligand is transformed to a nitrosyl ligand upon cycling
with a net reaction as shown in Scheme 6.1. [19, 20]
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NN
N N
Fe2+ + NO2 + H2
NN
N N
Fe3+ + H2O2
N
O
Scheme 6.1: Formation of a nitrosyl complex.
It is further assumed that the stripping product is ammonia and therefore a transfer of 5
electrons per stripped molecule is tentatively used here as shown in Scheme 6.2. [19, 20]
+ e + H6 + NH4
NN
N N
Fe3+
NN
N N
Fe3+
N
O
5 + H2O
Scheme 6.2: Reduction of nitrosyl complex to ammonia.
A detailed analysis of the nitrite reduction and electron transfer number is shown in
Chapter 6. The number of active sites is then equal to the number of stripped molecules.
The areal site density (SD) is the number of active sites normalised to the surface area.
The external surface area is used here, as the micropores might not be electrochemically
accessible. [21]
SD [sites nm−2] =
Qstrip [C g
−1]×NA [mol−1]
nstrip × F [C mol−1]× SA [nm2 g−1] (6.2)
Where Qstrip is the excess coulometric charge associated with the stripping peak (Fig-
ure 6.2 (a) and (b)), nstrip is the number of electrons associated with the reduction of
one adsorbed nitrosyl per site, and SA is the surface area of the material. Likewise, the
gravimetric site density (MSD), which is the amount of active sites normalised to the
mass, is calculated from:
MSD [mol sites g−1] =
Qstrip [C g
−1]
nstrip × F [C mol−1] (6.3)
Figure 4(c) shows the diﬀerence of the kinetic current between the poisoned and the
unpoisoned state of the Fe-N/C catalyst. By extracting the diﬀerence in kinetic current
Δjkin at 0.8 V vs RHE, the mean TOF of all diﬀerent nitrite sensitive active sites with
respect to electrons can be obtained via:
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TOF (@0.8V vs RHE) [electrons site−1 s−1] =
Δjkin [A g
−1]
F [As mol−1]×MSD[mol g−1] (6.4)
For our Fe-N/C catalyst we arrive at an MSD of 12 ± 2 μmol g-1 (7.2·1018 sites g-1).1
Interestingly, if iron is assumed as the active site, the utilisation compared to the total
iron content (as determined by TXRF) is only ∼4.5%, which suggests that strategies
could be implemented to increase the activity by making more iron sites accessible. The
residual unutilised or undetected iron might be present as either Fe–Nx sites which are
buried within the structure, thus inaccessible or inactive and/or buried iron or iron based
nanoparticulate phases (although such phases have not been detected in the present sys-
tem). It has been shown that this type of material can contain up to 5 diﬀerent types
of Fe–Nx sites and diﬀerent TOFs have been assigned to those. [2, 5, 22] Due to the
chemical similarity, it is likely that several of these diﬀerent sites interact with nitrite.
Therefore, this method will yield an average TOF for all diﬀerent sites combined. Never-
theless, it is now possible to track whether a higher mean TOF is possible by enriching
the catalyst with a certain type of site, as suggested by Mo¨ssbauer measurements. [5] The
SD in the Fe-N/C catalyst is 0.07 ± 0.01 nm-2 (0.02 ± 0.002 nm-2 with respect to the
total surface area).1 The mean TOF at 0.8 V vs RHE is 1.6 ± 0.2 electrons site-1 s-1,1
which is in excellent agreement with the TOF for these types of active sites as reported
by Sahraie et al., [4] which was determined to be ∼1.5 electrons site-1 s-1 by a combined
Mo¨ssbauer/chemisorption study and supports the validity of the here presented method.
The activity decrease at 0.8 V vs RHE is ∼80%. The source of the residual activity is dis-
cussed in 6.2.9 and a second metal based active site which interacts with nitrite diﬀerently
seems to be present.
6.2.4 Comparison to Pt based catalysts
In order to put the obtained results into perspective, a comparison of site density and
turnover frequency to Pt is useful. The mass transport free speciﬁc activity of Pt based
catalysts at 0.8 V vs RHE is too high to be extracted from RDE data. Therefore, the
1The mean and standard deviation are calculated from data obtained from 6 independent measure-
ments, 3 of which were obtained via voltammetric stripping as described in 6.2.1 and 3 from the coulomet-
ric method as described in 6.2.2. Independent here means that each measurement was conducted from a
separately prepared catalyst layer.
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kinetic currents were extracted from work conducted by Zalitis et al. on the ﬂoating
electrode, which eliminates mass transport eﬀects at this potential. [23] A speciﬁc current
density js of 4.03 mA cm
-2 is extracted from Fig. 8 inset in Ref. [23] The TOF can then
be obtained by:
TOF (@0.8V vs RHE) [electrons site−1 s−1] =
js [A cm
−2]×NA [mol−1]
F [As mol−1]× SSD[site cm−2] (6.5)
where js is the Pt speciﬁc current density at 0.8 V vs RHE, NA Avogadros constant and
SSD the surface site density of Pt. Assuming for a Pt(111) surface 1.5·1015 atoms of
Pt cm-2 and further assuming that 2 atoms are necessary to form an active site for the
ORR, one arrives at 0.75·1015 for the SSD. [24, 25] Using this values, a TOF of ≈32
is achieved by Pt. This is more than one order of magnitude higher than seen for the
iron site. However, one has to consider that the conditions within this study were highly
beneﬁcial for Pt, as a non-adsorbing electrolyte was used and the data were extracted
at the forward sweep from a high scan rate (20 mV s-1), hence the operational TOF
should be lower, as it is known that the increasing oxygen coverage at high potential will
decrease the activity at these potentials. [6] In fuel cell operation the TOF for Pt has been
estimated to be ≈11.4 electrons site-1 s-1 at 0.8 V vs RHE. [25] In terms of active site
density, the Fe-N/C catalyst with its 7·1012 sites cm-2 exhibits more than one order of
magnitude lower site density. It might be possible to increase the site density by one order
of magnitude. However, in order to create a Fe-N/C catalyst with the same mass activity
of Pt seems infeasible, as both active site density and TOF would have to be increased by
more than one order of magnitude. Nevertheless, the aim of 1/10 the volumetric activity,
as suggested by Gasteiger et al. might be feasible, considering the obtained values. [6]
(see also 1.5) Further research and correlation with fuel cell activities might reveal the
limitations of Fe-N/C materials.
6.2.5 Stripping charge on the metal free N/C catalyst and systematic
error
While the eﬀect on the metal free catalyst is small, it is still signiﬁcant. From the extrap-
olation of the Tafel -plot to 0.8 V vs RHE (Figure 6.4) it can be seen that upon nitrite
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Figure 6.4: Tafel -plots of the N/C and Fe-N/C catalyst in the unpoisoned and poi-
soned state. Corresponding to measurements on the repsective catalysts shown in Fig-
ure 6.1
exposure the N/C catalyst shows an activity decrease of 43 ± 4.0 % as compared to 80 ±
1.5 % for the Fe-N/C catalyst.1 This is most likely due to the low but still ﬁnite residual
metal content of ∼60 ppm. It can also be seen that the poisoning eﬀect is only present
at higher potentials. Nitrite treatment might therefore also reveal metal contributions in
presumably metal free catalysts.
Ideally the quasi metal free catalyst should exhibit a zero stripping charge. However, even
on the metal free N/C catalyst, a signiﬁcant excess charge of 1.9 ± 0.4 C g-1 as compared
to 6.0 ± 1.0 C g-1 for the Fe-N/C material is measured upon nitrite stripping.1 This is
32% of the metal associated charge. This means in the worst case the calculated turnover
frequency is underestimated by ∼30%. Therefore, the determined TOF of 1.60 electrons
site-1 s-1 might be as high as 2.35 electrons site-1 s-1. Nevertheless, this fact does not reduce
the signiﬁcance of the here demonstrated method, as activity trends can be followed and
the here presented direct correlation can be used to unravel activity descriptors.
The stripping charge seem on the N/C catalyst might be attributed to diﬀerent sources:
1. The residual metal content will be covered by nitrite and hence contribute to the
stripping charge on the N/C catalyst. However this amount should be rather small.
If all the metal (60 ppm) in the catalyst was on the surface and would contribute
to the stripping charge, the maximum charge to be obtained would be ∼0.53 C g-1.
Therefore, only a fraction of the observed charge is to be attributed to the residual
metal.
2. Other metal free active sites might also interact with nitrite, however much weaker.
Chapter 6: In situ quantiﬁcation of active sites 257
3. Even though care was taken to wash oﬀ unspeciﬁcally adsorbed nitrite molecules,
there might still be a residual amount that might be electrochemically reduced.
4. A chemical reaction between the nitrite containing solution and the carbon surface
of the catalyst increases slightly the capacitance and therefore the baseline in the
potential region of interest is slightly shifted.
5. A general uncertainty in the capacitance due to the transfer of the catalyst layer
between solutions can contribute to a parasitic charge, which might lead to a sys-
tematic error.
6. A systematic error caused by other unknown sources.
6.2.6 Justiﬁcation for using pH 5.2
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Figure 6.5: RDE measurement of Fe-N/C catalyst before and after poisoning with
0.125 M nitrite. Comparing 0.5 M acetate buﬀer (pH 5.2) to 0.5 M H2SO4. Loading:
0.27 mg cm-2, 1600 rpm, 5 mV s-1, background corrected, normalised to the same limiting
current and iR-corrected. Note that there are diﬀerent limiting current densities in the
two electrolytes due to the diﬀerence in solubility and diﬀusion coeﬃcient of oxygen in
the two electrolytes, and (to a much lesser extent) the diﬀerence of viscosity of the two
electrolytes. [Taken with permission from Ref. [18]]
In Figure 6.5 it can be seen that nitrite treatment poisons the activity at pH 5.2 as it
does at pH 0.3, the eﬀect of poisoning and the obtained current densities @0.8 V vs RHE
are suﬃciently similar to each other.
In 4.2.5.1 it has already been shown that mechanism and active site of the Fe-N/C
catalyst should be the same in the pH region between 0 -9. An accelerating eﬀect on the
ORR is only present at pH values above 10. Hence at pH 5.2 the proton concentration is
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suﬃciently high to prevent this changeover in mechanism. Therefore, values for TOF and
SD obtained at pH 5.2 should be transferable to acidic conditions. In acid, adsorption
and subsequent stripping of nitrite is complicated due to the disproportionation of the
nitrous acid formed in acidic conditions (pKa = 3.4) into NO and NO2.
2HNO2 NO+NO2 +H2O (6.6)
These species act as interferents and make quantiﬁcation less accurate, this also means
that care must be taken in selecting the appropriate concentration of nitrite.
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Figure 6.6: RDE measurement of Fe-N/C catalyst before and after poisoning and
recovery. Loading: 0.27 mg cm-2, 1600 rpm (a and c) O2-saturated electrolyte, 5 mV
s-1. (b and d) Stripping voltammetry, N2-saturated electrolyte, 10 mV s
-1. Comparing
the behaviour in 0.5 M H2SO4 when 0.125 M nitrite was used as poison (top) to 0.5 M
acetate buﬀer when 12.2 M nitrite was used as poison (bottom). [Taken with permission
from Ref. [18]]
In Figure 6.6 (a) and (b) it can be seen that when the method was conducted where
ORR and stripping were performed in an acidic pH of 0.3, the general pattern of activity
decrease, stripping peak and recovery stayed the same as at pH 5.2. However, a full
recovery was not achieved. In order to conﬁrm that this slight change in pattern was indeed
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due to possible NO and NO2 interferents, the method was conducted at pH 5.2, however
the poisoning nitrite solution at a concentration of 12.2 M, while all other parameters were
kept constant. At pH 5.2, the equilibrium concentration of HNO2 in a 0.125 M nitrite
solution is 2 mM (i.e. 1.5% exists as nitrous acid). At pH 0.3, 99.96% of the nitrite exists
as nitrous acid, and the rate of the disproportionation reaction is fast. At 12.2 M nitrite
and pH 5.2, the concentration of HNO2 is similar to the HNO2 concentration at 0.125
M nitrite and pH 0.3. This means the concentration of NO and NO2 are comparable.
2
In Figure 6.6 (c) and (d) it can be seen that the pattern matches the pattern of when
the method is conducted on the catalyst in acidic electrolyte. This conﬁrms that the
mechanism is the same at both pH values and also suggests that the concentration of
nitrite solution needs to be chosen with care. This was investigated in 6.2.9.
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Figure 6.7: Diﬀerence between capacitive traces as measured for the respective wide
scan at pH 0.3 (a and b) and pH 5.2 (c and d) in the stripping region. The charge diﬀer-
ence between the poisoned and unpoisoned trace has been used to extract the stripping
charge (a and c), while the diﬀerence between unpoisoned and recovered trace has been
used to estimate the uncertainty due to varying capacitance. [Taken with permission
from Ref. [18]]
In order to estimate the uncertainty due to changes in the baseline upon poisoning, the
excess charge of the poisoned to the unpoisoned trace in the region of interest ΔQpu
(Figure 6.7 (a) and (c)) has been compared to the excess charge in the same region
between unpoisoned and recovered trace ΔQur (Figure 6.7 (b) and (d)). The uncertainty
2Determining the concentration of HNO2 with the equlilibrium constant K = 3.98·10-4 M2 (pKa=3.4)
for the NO–2 +H
+ HNO2 couple at the respective pH and the respective NO
–
2 concentration. The rate
of HNO2 decomposition is approximated as k[HNO2]
2, as can be seen in Eq 6.2.6. Hence it is signiﬁcantly
faster at higher concentrations, producing a higher concentration of NO and NO2 interferents.
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in determining the charge due to baseline inaccuracy ΔQur/ΔQpu is at pH 0.3 35% and
at pH 5.2 only 5%. Therefore, pH 5.2 was chosen in this study.
6.2.7 Application of the stripping technique to other Fe-N/C catalysts
The method has been conducted on a standard catalyst in this ﬁeld in order to test the
wide applicability to Fe-N/C materials. [9]
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Figure 6.8: (a) RDE measurement of standard Fe-N/C catalyst, 5 mV s-1, O2-saturated
electrolyte. (b) Tafel -plot. (c) Stripping voltammetry 10 mV s-1, N2-saturated elec-
trolyte. Loading: 0.27 mg cm-2, 1600 rpm, , 0.5 M acetate-buﬀer, pH 5.2
In Figure 6.8 (a) - (c) it can be seen that the method works excellently on this typical
Fe-N/C catalyst.3 A TOF of ∼2.1 electrons site-1 s-1 was found.
6.2.8 Application of the stripping technique to a FeCo-N/C catalysts
In order to further conﬁrm the broad applicability of the method, it has also been con-
ducted on a bimetallic FeCo catalyst reported in literature. [26] The synthesis procedures
lie on the 2 diﬀerent extremes in preparation conditions described in literature. These are
for the FeCo-N/C and Fe-N/C catalyst,
(i) carbon support vs self-supporting;
(ii) molecular N-sourcevs aromatic N-source;
(iii) bimetallic vs monometallic;
(iv) no 2nd heat treatment vs 2nd heat treatment, respectively.
3The catalyst was provided by Dr. Anna Schuppert (University of Montpellier) for another collab-
oration and has been tested with this methodology to conﬁrm the wide applicability. The catalyst was
synthesised via decomposition of Fe phenanthroline over MOF as described in Ref. [9]
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Figure 6.9: (a) RDE measurement of bimetallic FeCo catalyst, 5 mV s-1, O2-saturated
electrolyte. (b) Tafel -plot. (c) Stripping voltammetry 10 mV s-1, N2-saturated elec-
trolyte. Loading: 0.27 mg cm-2, 1600 rpm, , 0.5 M acetate-buﬀer, pH 5.2. [Adapted with
permission from Ref. [18]]
Figure 6.9 (a) shows the ORR activities obtained, following the described procedure in the
main text. It can be seen that a similar behaviour can be observed. Figure 6.9 (b) shows
the respective kinetic current densities and (c) the associated stripping peak following the
procedure described in 6.2.1.
It can be seen that the diﬃculty in evaluating the Co containing catalyst 6FeCo-N/C is
that it exhibits a signiﬁcant hydrogen evolution activity (Figure 6.9 (c)). This will mask
the stripping peak and make the use of this method challenging. Nevertheless, a stripping
peak with associated recovered activity can be identiﬁed and analysed. It shows a TOF
of ∼0.43 electrons site-1 s-1 and an activity decrease of ∼63%. The hydrogen evolution
activity is presumably caused by the Co content, as there are several reports in literature
for cobalt containing hydrogen evolution catalysts, either atomic or as chalcogen. [7, 27]
However, there is no report of highly active iron-only hydrogen evolution catalysts with
similar structure to the Fe–Nx type catalyst investigated here. It is therefore inferred
that the stripping method should work excellently for most Fe-N/C iron-only catalysts
with Fe–Nx sites and can give useful information for other non-precious metal catalysts.
Interestingly, the activity decrease of the catalyst FeCo is relatively lower (17% diﬀerence)
than the Fe-N/C catalyst. This suggests that while a similar set of active sites is present
in both catalysts, the catalyst FeCo might also contain a second set of active sites which is
not aﬀected by nitrite. This could possibly be attributed particulate phases or the cobalt
content of the FeCo catalyst.
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6.2.9 Concentration of nitrite - evidence for 2 types of Fe active sites
More information was gained by conducting the ORR in the presence of nitrite in solution
and comparing the extent of poisoning to the metal free activity.
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Figure 6.10: (a) RDE measurements of the Fe-N/C catalyst under diﬀerent conditions
compared to the N/C catalyst. (b) kinetic currents. Loading: 0.27 mg cm-2, 1600 rpm,
O2-saturated electrolyte, 0.5 M acetate-buﬀer, pH 5.2, 5 mV s
-1.[taken with permission
from Ref. [18]]
It can be clearly seen in Figure 6.10 that in the presence of nitrite in solution, the ORR
is clearly inhibited to almost metal free level, while when removing the nitrite from the
solution the poisoning is the same (within the accuracy of the measurement) for the 3 mM
solution as for conventional poisoning in a 125 mM solution. This indicates that there are
2 fundamental types of active sites correlated to the iron centre. One which interacts with
nitrite to bind it and form a stable adduct (Type A). This needs to be reductively removed
in order to be recovered. The second type (Type B) however can easily be recovered by
washing, but is blocked when nitrite is in solution. Type A accounts for ∼80% of the Fe
induced activity while Type B is responsible for the remaining ∼20%. It is however not
possible from the obtained data to make a statement on the TOF and SD of site Type B.
It is either possible that
1. there are few sites with a signiﬁcantly higher activity than Type A; in this case it
would be desirable to identify and preferably synthesise this site.
2. SD and TOF are comparable for both sites;
3. the vast majority of iron is responsible for type B sites and those sites have hence
a low TOF; in this case, it would be desirable to prevent the formation of Type B
sites in order to allow more space for the higher activity Type A sites.
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However, regardless of the nature of Type B sites, if all the iron in a 1.5 wt% Fe ma-
terial could be utilised for the Type A sites, rather than the presently utilised 4.5%, a
catalyst would result with 20x higher mass activity. This is intriguing and might lead to
performances comparable to PGM catalysts.
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Figure 6.11: (a) RDE measurements of the Fe-N/C catalyst after subjecting it to the
poisoning/stripping protocol at diﬀerent concentrations of nitrite solution. (b) Kinetic
currents. Loading: 0.27 mg cm-2, 1600 rpm, O2-saturated electrolyte, 0.5 M acetate-
buﬀer, pH 5.2, 5 mV s-1. (c) eﬀect of nitrite concentration on the magnitude of activity
decrease (d) eﬀect of nitrite concentration on the magnitude of stripping charge. The
included blue dotted lines shall aid interpretation and do not represent a mathematical
ﬁt.[taken with permission from Ref. [18]]
In order to improve the understanding of the nitrite interaction with the diﬀerent types of
active sites, the concentration of the nitrite containing poisoning solution was varied, while
all other parameters where kept constant. Figure 6.11 (a) shows the ORR performance
before and after subjecting the catalyst layer to these diﬀerent concentrations. Figure 6.11
(b) shows the respective kinetic currents. The nitrite concentration has been varied over
8 orders of magnitude, in order to cover a wide spectrum of interactions. Figure 6.11
(c) shows the decrease in activity plotted versus the logarithm of nitrite concentration.
It can be clearly seen that at very low concentrations, the decrease in kinetic current is
dependent on the concentration of nitrite. This eﬀect persists to approximately millimolar
level. Going to higher concentrations, a plateau is reached which extends over at least 2
orders of magnitude in concentration. When increasing the concentration further (i.e. to
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a saturated solution), there is again a slight further decrease in activity. The associated
correlation of stripping charge with the nitrite concentration is shown in Figure 6.11 (d).
It can be seen that the same behaviour is observed and a plateau is reached which extends
over 2 orders of magnitude in nitrite concentration. After exposing the catalyst to the
saturated nitrite solution, there is a signiﬁcant increase in stripping charge.
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Figure 6.12: (a) Correlation of stripping charge to decrease in activity. (b) - (d) scheme
to aid interpretation of the observed correlations of poison concentration, charge and
activity decrease. 2 general metal based active sites are proposed. Strongly with nitrite
interacting type A (red) and weakly interacting type B (green).[taken with permission
from Ref. [18]]
Figure 6.12 (a) shows the correlation of stripping charge with activity decrease. It can
be seen that over a wide range (6 orders of magnitude in poison concentration) there is
a good correlation of activity decrease with stripping charge. Only when exposed to the
saturated solution, the charge deviates from this direct correlation. This might possibly
be reasoned in terms of a behaviour that is analogous to an isothermal adsorption of a
species with a saturation process and a second mode of adsorption thereafter e.g. BET
adsorption. In Figure 6.12 (b) - (d) an analysis utilising the presence of two hypothetical
sites (as discussed above) is attempted. It is assumed that there are two types of sites: The
strongly interacting Type A and the weaker interacting Type B. At low concentrations
not all active sites of Type A are covered (Figure 6.12 (a)) i.e. from 125 nM to 12.5 M.
Only at suﬃciently high poisoning concentration, all active sites of type A are covered
(Figure 6.12 (b)). This is where the plateau is reached and hence where the concentration
of nitrite used in this study was situated. Increasing the concentration further results
in the unspeciﬁc adsorption of nitrite onto the catalyst surface (Figure 6.12 (c)). The
further decrease in activity could either be due to blocking of the active site or other
undeﬁned eﬀects. This is also where a signiﬁcant increase in stripping charge is observed.
Nevertheless, these results clearly show that the activity decrease is correlated with the
stripping charge, making our methodology suitable to determine catalyst parameters. It
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furthermore conﬁrms that the concentration used to poison the catalyst in this study is
chosen appropriately, as it lies in the region where only speciﬁc adsorption to active sites
is likely.
This second type of active site (type B) can either be in the form of nanophases or speciﬁc
types of Fe–Nx sites with a higher aﬃnity to oxygen as compared to nitrite. The steric
eﬀects on the relative aﬃnity of diﬀerent substrates on iron centres is documented for
enzymes. [28, 29] Interestingly, Lefevre et al. found that the abundance of less active
ORR sites amounts to 20%, where the remaining 80% was assigned to a more active
(and more desirable) ORR site. [30, 31] This coincides with the 80% decrease in ORR
activity at 0.8 V vs RHE observed in the present work upon poisoning the Fe catalyst
with nitrite, while the remaining 20 % metal centred activity are attributed to the second
type B. Follow-up studies using ex situ techniques in combination with the nitrite probe
might identify which site-type is more active and hence more desirable to pursue.
6.3 Conclusions
A method to determine the intrinsic activity of Fe-N/C catalysts has been developed.
Nitrite was used as a probe. It has been shown that the charge of reductive nitrite
stripping is directly correlated to the ORR activity. Using this methodology the density
and mean TOF of a certain type of active sites, which are responsible for 80 % of the
activity @0.8V vs RHE, could be determined. It was found that the method works
best at pH 5.2. Evidence was provided that the results obtained can be translated to
the technologically important acidic electrolyte. It was shown that the reason for the
diﬃculties at lower pH are interferents caused by the decomposition of nitrite, i.e. NO
and NO2. The methodology has also been successfully tested on a literature Fe-N/C
and FeCo-N/C catalyst. This suggests general applicability to a wide range of Fe-N/C
catalysts. Interestingly, there seems to be 2 diﬀerent modes of poisoning. When the ORR
is conducted in the presence of nitrite in solution, the activity of the Fe-N/C catalyst is
reduced to the ”metal free” N/C activity. When returning the catalyst into a solution
without nitrite, about 20 % of the activity is instantly recovered, while the remaining
80 % need to be reductrively recovered. It is suggested that 2 fundamental types of
metal induced active sites are present. The dependence of the activity decrease on the
concentration of the poison was investigated and the activity decrease reaches a plateau
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over a wide concentration range and increases further at very high poison concentrations.
This is reasoned with saturation of active site type A (the strongly interacting type) and
only at high poison concentrations type B (the weakly interacting site) will be aﬀected as
well.
To summarize, an easy methodology to obtain crucial catalyst properties, namely mean
TOF and active site density, is presented. The method is easy to conduct and requires no
special equipment on top of the standard electrochemical characterisation tools. Poisoned
sites are stable over the long term, so the catalyst can be prepared for ex situ measure-
ments, and then recovered through an electrochemical treatment. This might be very
useful in pinpointing the sites of relevance to the production of the majority of current
which could be probed through the use of Mo¨ssbauer and EXAFS spectroscopy. Then
one could track diﬀerent catalysts and analyse which ones show variations in MSD and
which variations in TOF. Because the adduct formed with nitrite is stable under oxida-
tive systems, it is possible to measure the performance of the poisoned catalyst during the
ORR, something which is not possible during, for instance, the CO-dependent poisoning
of platinum. This approach will allow researchers to identify hitherto inaccessible trends
and will signiﬁcantly speed up the improvement of Fe-N/C catalysts. For instance, one
could use this technique to assess what ammonia treatment does - does it increase TOF
or MSD or both?
6.4 Experimental Part
6.4.1 Electrochemical stripping experiments
The RDE procedure, electrolytes and normalisations were as described in 3.4.2 and 4.4.5.
A loading of 0.27 mg cm-2 was chosen as loading in all experiments, as it was found to
give a good catalyst layer. Furthermore, it was a compromise between a relatively thin
layer and a suﬃcient activity, to ensure adequate signal to noise ratio.
6.4.2 Electrochemical cleaning protocol
In order to obtain a non-changing oxygen reduction performance and non-changing cyclic
voltammograms under nitrogen for the duration of the experiment, the catalyst layer
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has to be conditioned. Therefore extensive cycling was performed in order to remove
entrapped gas bubbles within the catalyst layer, making the layer hydrophilic and allow
a complete wetting. The procedure consisted of extensive cycling, alternating between
N2-saturated electrolyte at 100 mV s
-1 (20 cycles) and 10 mV s-1 (10 cycles) and O2-
saturated electrolyte at 5 mV s-1 (6 cylces), in the potential window 1.05 - -0.4 V vs
RHE. This was repeated until stable non changing oxygen reduction performance and
cyclic voltammograms under nitrogen were achieved (ca. 3 - 4 times).
6.4.3 Stripping protocol using cyclic voltammetry
After the typical break-in procedure and background scan:
(a) Record the unpoisoned ORR performance in O2-saturated electrolyte, 1.0 - 0.3 V
vs RHE, 5 mV s-1
(b) Record a pre-baseline cyclic voltammogramm (CV) in N2-saturated electrolyte 1.0 -
0.3 V vs RHE, 10 mV s-1. This is necessary, in order remove any residual dissolved
oxygen which might falsify the results. It was furthermore found that this step
increases the accuracy of the baseline during the stripping scan in the region of
interest.
(c) Record a baseline CV in N2-saturated electrolyte 0.4 - -0.3 V vs RHE, 10 mV s
-1.
(d) Dip RDE into 125 mM NaNO2 solution for 5 minutes at open circuit potential
(OCP), 300 rpm.
(e) Wash electrode in DI water for 1 minute at OCP, 300 rpm.
(f) Wash electrode in electrolyte solution for 5 minutes at OCP, 300 rpm.
(g) Wash electrode in DI water for 1 minute at OCP, 300 rpm; the washing steps were
found to be necessary in order to remove unspeciﬁcally adsorbed nitrite and to avoid
nitrite contamination of the electrolyte.
(h) Record ORR of poisoned electrode in O2-saturated electrolyte, 1.0 - 0.3 V vs RHE,
5 mV s-1.
(i) Record pre-baseline CV of poisoned electrode in N2-saturated electrolyte, 1.0 - 0.3
V vs RHE, 10 mV s-1.
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(j) Record stripping CV in N2-saturated electrolyte, 0.4 - -0.3 V vs RHE, 10 mV s
-1.
(k) Repeat steps (h)-(j) to conﬁrm recovery of ORR performance and baseline CV.
6.4.4 Stripping protocol using chronocoulometry
When chronocoulometry is used instead of stripping voltammetry, the ORR steps remain
the same. The pre-baseline CV is replaced with 240 s of chronoamperometry @0.3 V vs
RHE (stepped from 0.79 V vs RHE 5 s) in N2-saturated electrolyte at a rotation of 1600
rpm, in order to remove any dissolved oxygen or unspeciﬁcally adsorbed nitrite. Then the
baseline step of the unpoisoned catalyst and stripping voltammetry step of the poisoned
catalyst are replaced with a chronocoulmetry step under nitrogen at a rotation rate of
1600 rpm. The chronocoulometry step was performed by ﬁrst equilibrating the surface
@0.79 V vs RHE for 5 s and then stepping to -0.29 V vs RHE to record the charge passed
versus time for 240 s (Figure 6.3). In order to control potential and measure charge an
Autolab PGSTAT 20 potentiostat equipped with an integrator module was used. The
stripping charge can then be extracted by plotting the integrated charge versus time and
extrapolating the linear region to t = 0. The diﬀerence in the intercept of the unpoisoned
to the poisoned catalyst is the charge associated with nitrite stripping. The small steady
increase in charge in the linear region is due to the non-zero constant current associated
with hydrogen evolution at this potential (-0.1 V vs RHE) and rotation rate (1600 rpm).
6.4.5 Synthesis of FeCo catalyst:
The catalyst denoted FeCo was synthesized following a published method that was slightly
modiﬁed. [26] In a typical route, 0.5 g of carbon black (Ketjenblack® EC-600JD) was
reﬂuxed in 200 mL of a 1.0 mol dm3 HCl solution at 80 °C for 8 h to remove trace metals
from the carbon black. Subsequently, this was vacuum ﬁltrated, washed with plenty of
ultrapure water (18.2 MΩ cm) and dried at 80 °C for 10 h. 200 mg of this pre-treated
carbon black was weighted and dispersed in approximately 70 mL of absolute ethanol in
an ultrasonication bath. A separate beaker was used to dissolve, in 30 mL of absolute
ethanol (VWR), 0.0058 g of FeCl3 (Sigma-Aldrich), 0.0063 g of Co(NO3)2 (Sigma-Aldrich)
along with 2 mL of N-ethylamine (Sigma Aldrich). This solution was added to the carbon
black suspension and let to reﬂux for 8 h at 80 °C in a water bath. Subsequently, the
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resulting solids were ﬁltered and washed with ultrapure water and dried in an oven at
100 °C for 8 h. The dried powders were heat-treated in a tubular oven at 900 °C under
nitrogen atmosphere for 1 h after ramping the temperature from room temperature at 20
°C min-1. Finally, the catalyst was reﬂuxed in 100 mL of 0.5 mol dm3 H2SO4 at 80 °C for
24 h to remove soluble metal phases. This suspension was vacuum ﬁltrated and washed
with excess ultrapure water and dried at 80 °C for 10 h.
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The epoxidation reaction of alkenes catalysed by M-N/C materials was investigated in or-
der to gain further insight into the active site. It was found that the Fe-N/C catalyst is
capable of epoxidising even diﬃcult alkenes such as 1-hexene, utilising molecular oxygen
and a coreductant under ambient conditions. The reaction conditions are similar to those
found for metal macrocyclic complexes and the catalyst performs signiﬁcantly better than
free Fe ions. This is an indication of a metal centred active site, where the activity is in-
creased by the chemical environment. The oxygen uptake and the potential of the reaction
mixture were measured and both values are correlated. The TON and TOF are excep-
tionally high. A further study of this system might enable fundamental insight into the
catalytic activity and provide a robust heterogeneous catalyst for the industrially important
mild epoxidation of alkenes with molecular oxygen. A new kind of ”heteroelectrochemical”
mechanism involving electron transfer between active sites is proposed.
Chapter 7
M-N/C materials as catalysts for
alkene epoxidation
7.1 Introduction
In 4.2.3 it has been shown that the active site of the Fe-N/C catalyst can be addressed
via organic chemical reactions. It has also been shown via gas sorption and TPD ( 4.4.4)
that the catalyst apparently activates molecular oxygen to provide a strong oxidant. This
was inferred from the observed self-oxidation of the carbon structure to CO2 at relatively
low temperatures (<90 °C), subsequent to O2 exposure. Furthermore in chapters 5 and 6
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it has been shown that one type of active sites within the Fe-N/C material interact with
nitrite and nitric oxide in a similar pattern as iron macrocyclic complexes.
Based on these previous observations the approach in this chapter is to provide further
evidence for metal centred activity by using M-N/C materials as catalysts for organic
reactions.
The epoxidation reaction of alkenes has been chosen, for the following reasons:
(i) It can be achieved through reaction with molecular oxygen, if a suitable catalyst is
present.
(ii) It has a sophisticated mechanism, which could help to gather further information on
the active site by varying the reaction conditions and understanding the mechanism.
(iii) It can be catalysed by transition metal macrocyclic complexes and iron containing
enzymes.
(iv) The mechanism of epoxidation with macrocyclic complexes has been well studied.
(v) The epoxidation is an important industrial reaction.
Therefore a robust catalyst which enables the replacement of harsh reaction conditions
and oxidants with the use of oxygen under mild conditions would be highly desirable. [1]
7.1.1 Epoxidation reactions
An extensive review of the epoxidation reaction is outside the scope of this work and the
reader is referred to the respective literature instead.
Epoxides are important chemical intermediates for bulk chemical synthesis as well as ﬁne
chemicals and pharmaceuticals. This is because the epoxy group is a reactive moiety that
makes a wide range of functionalities accessible upon reaction with various nucleophiles or
through rearrangements. [1] The largest quantity bulk chemicals produced through oleﬁn
epoxidation are ethylene oxide (∼15 million t/year) and propylene oxide (∼7.5 million
t/year). [2, 3]
Traditional routes to epoxides involve the reaction of alkenes with an oxidising agent,
capable of transferring one oxygen atom to the oleﬁn. [1] The Prilezhaev reaction shown
in Scheme 7.1 is the most widely used method. [1] It involves the reaction of an alkene
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Scheme 7.1: Accepted mechanism for Prilezhaev reaction to form an epoxide. [1]
(1) with a peracid (2), to give the epoxide (3) and the carboxylic acid (4). Reaction
conditions such as solvent, electronic eﬀects of the alkene and the peracid and acid content
of the reaction mixture play an important role in determining the yield and selectivity
of the reaction. [1] This epoxidation is sterospeciﬁc, meaning cis and trans oleﬁns give
cis and trans epoxides, respectively. [1] Another prominent oxidant for epoxidations are
hydroperoxides, e.g. tert-butyl hydroperoxide. [1]
On an industrial scale the use of an expensive oxidant is not viable because of high costs
and poor atom economy. [1, 4] Traditionally, for the large scale production of ethylene
oxide, oxygen is reacted with ethylene over a silver catalyst. However, the reaction re-
quires elevated temperature and pressure (i.e. 250 °C and 1.5 MPa) with signiﬁcant
over-oxidation reactions, depressing the yield. [2]
+ Cl2 H2O+2
Cl OH
2
Ca(OH)2 2
O
+ CaCl2 +2 H2O
5 6 7
Scheme 7.2: General reactions in the chlorohydrin process. [4]
An alternative approach is shown in Scheme 7.2, for the production of propylene-oxide via
the chlorohydrin process was developed, where the alkene (5) is reacted with chlorine and
water in a complex reaction setup to give the chlorohydrin (6), which is then reacted with
a base to obtain the epoxide (7). [3, 4] It can easily be seen that this process involves the
stoichiometric use of chlorine which signiﬁcantly increases costs and the environmental
footprint. [4] In practice a 9:1 mixture of α- and β-chlorohydrin will be produced, which
both give the same propylene-oxide. [4]
Recently the HPPO process was developed for the production of propylene-oxide via
oxidation of propylene with hydrogen peroxide. A titanium silicalite-1 (TS-1) catalyst is
utilised and allows the use of mild conditions (e.g. 40 °C and 1 atm). [4] Although cheaper
and environmentally more benign, hydrogen peroxide as oxidant is still necessary and has
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to be synthesised, adding to the cost of the process. The large scale implementation of
this process underlines the interest into sustainable methods to generate epoxides.
The use of molecular oxygen under mild conditions with high selectivity would be the ideal
case. However, this is challenging, as the O2 molecule has to be activated to selectively
produce the epoxide. To achieve this biomimetic catalysts could be used.
7.1.2 Epoxidations with transition metal macrocycles
For enzymatic systems, such as cytochromes, it is known that those possess impressive
oxygen activation capabilities. [5, 6]
Scheme 7.3: Scheme showing steps in oxygen activation by P450 involving electron and
proton uptake, where Fe represents the heme iron atom. [Taken with permission from
Ref. [6]]
As discussed in Chapter 1 and shown in Scheme 7.3 cytochrome is capable of activating
oxygen to produce a Fe––O species which can be a strong oxidant. [5, 6] For epoxida-
tion reactions, the selectivity of the catalyst is crucial as well. It has been shown that
cytochromes are capable of selectively catalysing the epoxidation reaction. [6]
As can be seen in Figure 7.4 various mechanisms of oxygen transfer have been proposed. [6]
The drawback of enzymatic systems is their lack of stability and their dependence on
narrow reaction conditions. This makes their production expensive and infeasible for
practical applications. Nevertheless, those studies are not only useful to gain insight into
fundamental mechanisms of enzyme functions, but can potentially provide clues on how
a metal center would behave if it was the active site in Fe-N/C catalysts.
Metal macrocyclic complexes, such as iron manganese and cobalt porphyrins, have also
been reported to activate O2 for oxidation and epoxidation reactions. [7]
The general mechanisms found for the oxidation via transition metal catalysts are shown
in Figure 7.5. [7] The mechanism mimicking monooxygenase enzymes (to which the cy-
tochromes belong) relies on a coreductant, where one oxygen atom is transferred to the
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Scheme 7.4: Mechanisms of oleﬁn epoxidation (A) by oxenoid-iron involving a charge-
transfer complex and leading to epimerization, (B) by oxenoid-iron leading to a concerted
insertion of oxygen, and (C) by hydroperoxo-iron in a concerted reaction. [Taken with
permission from Ref. [6]]
a)
b)
c)
d)
Scheme 7.5: (a) Oxidation based on the model of monooxygenase. (b) Free radical
oxidation. (c) Oxidation of a coordinated substrate by a metal ion. (d) Oxidation mim-
icking dioxygenase. [Adapted with permission from Ref. [7]. Copyright 2005 American
Chemical Society.]
substrate while the second is transferred to the coreductant to regenerate the catalyst (Fig-
ure 7.5 (a)) or reduced to water with a concurrent electron and proton transfer. [8] The re-
action may be radical in nature. [7] The contribution of the metal center might be at diﬀer-
ent points within the mechanism and is discussed in more detail later (see 7.2.8). [7, 9, 10]
The free radical mechanism involves the formation of some sort of radical chain reaction,
where various scenarios of metal contribution can be possible (Figure 7.5 (b)). [7] The
main contribution of the metal centre is the formation of free radicals. The oxidation can
also proceed via a coordinated substrate (Figure 7.5 (c)) or via transfer of both oxygen
atoms to the substrate by mimicking dioxygenase enzymes (Figure 7.5 (d)). [7]
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Scheme 7.6: Reaction of alkene with oxygen to give an epoxide with concomitant oxida-
tion of isobutyraldehyde as coreductant. A transition metal complex is added as catalyst.
[Reprinted with permission from Ref. [9]. Copyright 1996 American Chemical Society.]
For the epoxidation reaction in this work, the coreductant method mimicking the monooxy-
genase model has been studied. This was inspired by the capability of transition metal
macrocyclic complexes to promote the epoxidation, utilising oxygen at room temperature
and pressure, with the addition of an aldehyde as coreductant. [6, 9–17] In a typical reac-
tion, as depicted in Scheme 7.6, the metal complex is dissolved in an aprotic solvent (e.g.
acetonitrile or dichlormethane) and oxygen is supplied, either through bubbling or via a
reservoir, blanketing the reaction mixture. [6, 9–17] The alkene and the coreductant (e.g.
isobutyraldehyde) are added and the mixture is stirred at room temperature for a certain
amount of time. [6, 9–17] Usually an excess of aldehyde is added which is oxidised to the
carboxylic acid during the course of the reaction. [6, 9–17] Remarkably, in the presence of
a metal complexes, such as iron porphyrins derivatives, the reaction proceeds with high
selectivity towards the epoxide at room temperature and pressure. [6, 9–17]
The beneﬁt of using the here developed M-N/C materials for the reaction instead of the
typically used metal complexes would be,
(i) lower cost, as the ligands need costly synthesis procedures;
(ii) higher stability;
(iii) easy recyclability, due to the heterogeneous nature.
Although this reaction system might seem attractive, it is not so feasible for large scale
production at the moment, as it consumes an excess of coreductant. However, investi-
gation of this system might lead to the discovery of either reversible coreductants or the
cogeneration of valuable products from a suitable coreductant thus making the material
more attractive for these reactions.
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7.1.3 Information to be gained for the active site
Additionally to the potentially useful nature as a heterogeneous oxidation catalyst, the
main focus within the scope of this work is to gather evidence on the behaviour of the
active site. Finding a complex reaction system which interacts with the catalyst might
enable this insight. The notion within this chapter is to ﬁnd interpretable trends and to
develop a methodology which might be useful for the study of M-N/C materials via organic
reactions. Although reports exist of the use of M-N/C materials as oxidation catalysts,
such as alcohol oxidation and dehydrogenation, no attempts were made to utilise these
reaction in order to provide further insight into the active centre. [18–20]
It has been found that the M-N/C catalysts developed here catalyse the coreductant
dependent epoxidation reaction in the same way as metal macrocyclic complexes do. The
reaction proceeds with high recyclability of the catalyst, high turnover number (TON),
apparent turnover frequeny (TOF), yield and selectivity. This might be further evidence
for a metal centred activity. Various substrates have been analysed and a method was
developed to track the apparent rate of reaction. The potential of the reaction mixture was
tracked and coincides with the rate of oxygen uptake. A mechanistic proposal is given.
The here developed method might be a useful starting point to investigate a hitherto
unexplored ﬁeld with potentially fundamental insight and practical use in heterogeneous
catalysis.
7.2 Results and Discussion
7.2.1 M-N/C catalyst for ORR and epoxidation of cyclohexene
The materials Fe-N/C, Co-N/C and N/C were investigated as catalysts for the epoxi-
dation reaction. The synthesis and characterisation of the materials is described in Chap-
ter 3.
In order to allow for a possible correlation of oxygen reduction to epoxidation capability
of the materials, the RDE measurements in oxygen saturated 0.5 M H2SO4 are shown in
Figure 7.1 (a). The order of activity is Fe-N/C > Co-N/C > N/C. The epoxidation
reaction was conducted in order to determine if the catalyst may chemically behave in the
haem-like manner hypothesised and for which evidence was provided in chapters 5 and 6.
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Figure 7.1: (a) Steady-state RDE measurements in 0.5 M H2SO4, rotating speed: 1600
rpm, 30 s hold, 30 mV step potential, catalyst loading: 750 μg cm-2, O2-saturated at
1 atm. (b) Conversion of cyclohexene in epoxidation reaction with diﬀerent M-N/C
catalyst over time, as determined by GC. 2 eq of isobutytaldehyde and 0.2 wt% catalyst
to cyclohexene, 1 atm O2.
0.2 wt% catalyst
2 eq. isobutyraldehyde
1 atm O2
Acetonitrile, RT
O
Scheme 7.7: Epoxidation of cyclohexene to cyclohexene-oxide.
The reaction conditions were chosen as those reported to work for metal macrocyclic
complexes. The reaction as shown in Scheme 7.7 was carried out in acetonitrile, where
the respective amount of catalyst was ultrasonically dispersed before addition of a 2:1
molar ratio of isobutyraldehyde as the coreductant and cyclohexene as the substrate.
Oxygen was then administered through a septum by a syringe to which a balloon was
attached. The progress of the reaction was analysed after various time periods, by removal
of an aliquot from the reaction mixture and analysis via gas chromatography (GC). The
conversion of cyclohexene, the yield of cyclohexene-oxide and selectivity of the reaction
towards the epoxide were determined. Figure 7.1 (b) shows the conversion of cyclohexene
within the reaction mixture over time. It can be seen that a higher conversion is achieved
for the metal containing catalysts. The trend is Fe-N/C ≈ Co-N/C  N/C.
Table 7.1 shows the conversion, yield and selectivity of the diﬀerent catalysts, together
with control experiments where i) the aldehyde ii) the catalyst or iii) oxygen were excluded,
after 6 h, analogous to the conditions described above. It can be seen that in the absence
of catalyst there is still a small amount of product, however with a poor selectivity. This
demonstrates that the addition of a catalyst indeed has an accelerating eﬀect on the
reaction while also increasing the selectivity towards the epoxide. When the aldehyde
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Table 7.1: Epoxidation of cyclohexene with diﬀerent metal centres and metal free
catalyst. 2 eq of isobutytaldehyde and 0.2 wt% catalyst to cyclohexene, 1 atm O2.
Values after 6 h at room temperature as determined by GC.
Entry Catalyst Conversion [%] Yield [%] Selectivity [%]
1 Fe-N/C 80 70 87
2 Co-N/C 79 59 74
3 N/C 58 40 69
4 no catalyst 16 4.8 30
5 no aldehyde* 0 0 0
6 no oxygen* 0 0 0
* Fe-N/C catalyst.
was omitted, there is was reaction. This is the exact same pattern as seen for iron
porphyrins. [9] When the reaction was blanketed with nitrogen, no reaction took place.
This conﬁrms that oxygen is indeed the terminal oxidant. It can further be seen that
the yield and selectivity towards the epoxide follows the trend Fe-N/C > Co-N/C >
N/C  no catalyst. The residual activity of the N/C catalyst might either stem from
the residual metal content of (60 ppm) or from the metal free active sites. The metric
for performance in the epoxidation is a higher yield with a higher selectivity in a shorter
time. The metric for performance for the electrocatalytic ORR is a higher current at
higher potential. Therefore a correlation between electrochemical and chemical activity
might be present.
The TON would be at least 50000 for the Fe-N/C catalyst, if the majority of iron as
determined by TXRF present in this catalyst serves as the active site.1 However, as shown
in Chapter 6, only 4.5% of the 1.5 wt% iron detected by TXRF is actually present in one
type of ORR active site. This means the TON could be as high as 1000000. This is
speculative however, as it is not clear if the metal centre actually is the active site, since
the catalyst with a signiﬁcantly lower metal content still exhibits a relatively high apparent
TOF, therefore assumptions in this chapter are put at 1 wt% active iron in the catalyst.
If the iron centre was the active site, the N/C catalyst would have a TON with respect
to the catalyst of around 5000000. Metal free active sites , e.g. nitrogen embedded into
the carbon framework, might be contributing to the epoxidation activity. It is accepted
1The value was determined by calculating the amount of Fe in the reaction ﬂask, assuming 1 wt%
active iron in the catalyst. The molar ratio of converted cyclohexene to Fe is the the TON. Note: In
this study 1 wt% iron was assumed to be active, assuming some of the 1.5 wt% iron detected by TXRF,
is buried within the structure and thus inactive. Although in Chapter 6 it has been found that only
4.5% of the iron in the sample contributes to the majority of the ORR activity, i.e. ∼0.07 wt%, it is
not known how strongly these active sites are correlated. The higher assumption made here shall prevent
overestimation of the TON and TOF.
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that metal free nitrogen doped carbon is active towards electrochemical oxygen reduction
in alkaline medium. Therefore an oxygen activation through the ”alkaline” mechanism
might be possible (see 4.2.5.1 for details on the diﬀerent mechanisms). In fact, the reaction
conditions, i.e. low proton concentration, might favour this route.
Although the reaction conditions are diﬀerent to the acidic electrolyte used for the ORR,
e.g. nonprotic versus protic, the initial results encouraged further analysis of this system,
due to the importance of the epoxidation reaction.
7.2.2 Epoxidation of diﬀerent substrates with the Fe-N/C catalyst
It is known that cyclohexene undergoes a more facile epoxidation reaction than other
alkenes. [1] To test whether the catalyst is also active towards other oleﬁns that are
harder to epoxidise, the Fe-N/C catalyst was used with other substrates. [1] The amount
of catalyst was increased for these experiments.
Table 7.2: Epoxidation of diﬀerent alkenes with Fe-N/C catalyst. Substrate:Fe molar
ratio 3000:1, assuming 1 wt% active Fe in the Fe-N/C catalyst. 2 eq of isobutytaldehyde
to alkene, 1atm O2, room temperature. Values as determined by GC.
Entry Alkene Epoxide
Conversion
[%]
Yield
[%]
Selectivity
[%]
time
[h]
1 O 99 91 91 6
2 O 72 27 38 7
3
O
70 12 17 7
4 O 78 52 67 17
5 O 79 76* 96 17
* of which trans-stilbene:cis-stilbene ∼9:1.
Table 7.2 shows the respective substrates with conversion, yield and selectivity. It can
be seen that for cyclohexene excellent values are achieved under these conditions. The
values for the conversion of the other alkenes was signiﬁcant as well. The poor yield
of styrene at the high conversion rate points to some kind of side reaction occurring.
Possibly the polymerisation to polystyrene, which is a facile reaction and the reason for
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the addition of inhibitors to the product. No other signiﬁcant product was observed
in the gas chromatogram that could explain the consumption of styrene. Therefore,
a side-priduct such as polystyrene, might be precipitated. Due to the presence of the
catalyst it was not possible to determine whether a precipitate actually formed. The
same applies for the discrepancy of 1-hexene conversion and yield. It has to be pointed
out that linear alkenes are notoriously diﬃcult to epoxidise and the fact that even 1-
hexene-oxide was obtained under these mild conditions is remarkable. [1] Interestingly,
comparing the reaction of cis-stilbene to trans-stilbene shows an intriguing diﬀerence.
While cis-stilbene is converted to its epoxide with excellent selectivity and conversion,
the trans-stereomere has a signiﬁcantly lower yield and selectivity. The cis-stilbene is
predominately converted to the trans-epoxide, while the trans-stilbene is also converted
to the trans-epoxide. This stereospeciﬁty is the same as observed for iron porphyrins and
a radical mechanism was suggested. [9] In any case, a concerted oxygen transfer process
is excluded by this conformation.
7.2.3 Recyclability of Fe-N/C catalyst
One possible mechanism would be that Fe ions were leached out of the catalyst into the
solution, where they act as homogeneous catalysts and that the material itself is not a
heterogeneous catalyst. Recycling experiments, where the catalyst was recovered after
each reaction and then reused where conducted. A Substrate:Fe ratio of 3000:1 as in 7.2.2
with the cyclohexene epoxidation was used.
a) b)
Figure 7.2: (a) Conversion, yield and selectivity of the Fe-N/C catalyst towards cyclo-
hexene epoxidation, when reusing the catalyst multiple times. (b) TEM image of unused
Fe-N/C catalyst and after 5 repeats.
In Figure 7.2 (a) it can be seen that conversion, yield and selectivity are constant when
recycling the Fe-N/C catalyst for 5 times. This indicates that the material is stable for
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reuse and does not lose its activity after the initial reaction. Figure 7.2 (b) shows that no
structural change is discernible in the TEM images.
7.2.4 Oxygen uptake measurements - estimation of reaction rate
In order to estimate the TOF, an oxygen uptake measurement was performed.
Figure 7.3: (a) Set-up used to measure oxygen uptake. (b) oxygen uptake measurement
for the Fe-N/C catalyst and (c) without catalyst during the epoxidation reaction. Stirring
rate: 1400 rpm, 30 mg catalyst, 1 mL cyclohexene and 1 mL isobutyraldehyde in 25 mL
acetonitrile.
The set-up is shown in Figure 7.3 (a). The reaction ﬂask (A), containing the Fe-N/C
catalyst and acetonitrile solvent was sealed and connected via tubing to a pipette (C),
which served a measuring device. The pipette was then connected via a second tubing
(B) to a funnel (D), such that the level of the funnel approximately matched the bottom
of the pipette. The funnel was ﬁlled with water until the water level penetrated into the
pipette. The head-space and the reaction mixture were saturated with oxygen. Then a
1:1 volume mixture of aldehyde and oleﬁn was injected via a syringe through the septum
at the reaction ﬂask. Due to the set-up of the device, once oxygen consumption starts,
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the water level in the pipette rises, therefore allowing determination of the oxygen uptake.
After an initiation time of approximately 5 minutes, following injection of substrate and
reductant, the system started rapid oxygen uptake. The rate was dependent on the stirring
speed. This indicates some kind of diﬀusion control during the reaction. Figure 7.3 (b)
shows the level of water progressing at diﬀerent times, from which the reaction rate could
be roughly determined. The rate of oxygen uptake was surprisingly rapid. When no
catalyst was added, no signiﬁcant oxygen uptake was observed as shown in Figure 7.3 (c).
This clearly demonstrates the signiﬁcant catalytic activity of the catalyst. The TOF was
estimated to be ∼10 per Fe site per second at a stirring rate of 1400 rpm, when 1 wt% Fe
was assumed as active.2 This is unusually high in terms of heterogeneous catalysis, where
typical TOFs of 1 site-1 s-1 are considered high. [21] The underlying catalytic mechanism
might therefore be diﬀerent to one active site where the complete reaction cycle takes
place.
7.2.5 Measuring the potential of the reaction mixture
In order to gain further insight, the potential of the reaction mixture was measured, before
and after addition of the reactants.
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Figure 7.4: Potential of reaction mixture measured over time before and after addition
of reactants cyclohexene and isobutyraldehyde to the solvent containing either the Fe-
N/C catalyst or no catalyst.(a) Starting period. (b) Full time scale. Solvent: Acetonitrile
+ 0.1 mM (t−Bu)4NBF4
The reaction ﬂask was ﬁlled with the acetonitrile solvent and the catalyst with the addition
of 0.1 mM (t−Bu)4NBF4 to provide the necessary conductivity. The potential of carbon
2The TOF was estimated, by estimating the number of oxygen molecules reacting per iron site per
second. Standard conditions for the molar volume were used to convert the volume of oxygen comsumed
to molecules.
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ﬁbres, as working electrode in the solution versus a leak free Ag/AgCl reference electrode
was monitored over time as shown in Figure 7.4. First cyclohexene was added and it can
be seen that the potential slightly decreased (Figure 7.4 (a)). Then, after the potential
stabilised, isobutyraldehyde was added. Surprisingly, the potential began to slowly rise
signiﬁcantly. It can be seen in Figure 7.4 (b) that the potential steadily rises over the
course of approximately 5 minutes by ∼300 mV, and then ﬂattens oﬀ and stays constant
for over 2 h. The experiment was also repeated without the catalyst. It can be seen that
the potential is signiﬁcantly lower (50 mV vs. 340 mV with catalyst). The potential also
drops to a lower level when adding cyclohexene (-70 mV vs. 320 mV with cataylst) and the
potential rises to a signiﬁcantly lower level after addition of isobutyraldehyde (125 mV vs.
680 mV with catalyst). Curiously, the initiation time of ∼5 minutes found before oxygen
uptake started, coincided with the time it took for the potential to rise to its plateau
level. It can also be seen that the potential rise is slower in the measurement without
the catalyst (5 min. vs. 40 min.). The clear eﬀect of the catalyst on the potential of the
reaction mixture and the timing of oxygen uptake and potential rise indicate a correlation
of potential and rate of reaction. To investigate this further, more sophisticated set-up
was constructed with the help of a Masters student to measure potential and oxygen
uptake simultaneously. [22] Some results which support this study shall be summarised
in the following.
7.2.6 Correlating the potential with oxygen consumption
In order to measure the oxygen ﬂow rate more accurately a mass ﬂow meter was used
and the potential was monitored in the same set-up as the oxygen uptake. The set-up is
shown in Figure 7.5. More details can be found in Ref. [22].
Figure 7.6 shows the potential of the reaction together with the oxygen consumption. This
experiment and further experiments conducted with diﬀerent substrates show a correlation
of oxygen uptake and potential of the reaction mixture. [22]
7.2.7 Comparison of Fe-N/C catalyst to free Fe ions
Schro¨der et al. [23] reported the epoxidation of stilbene, styrene and derivatives with
a system of iron chloride, imidazole ligands, and ethyl 2-oxocyclohexanecarboxylate as
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Figure 7.5: Set-up used to study the rate of oxygen uptake at the same time as the
electrochemical potential. [Taken from Ref. [22]]
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Figure 7.6: Correlation of oxygen ﬂow rate to the electrochemical potetnial during the
epoxidation reaction. Addition of cyclohexene at 6 minutes and isobutyraldehyde at 14
minutes. [Taken from Ref. [22]]
shown in Scheme 7.8.
As proposed by the authors the complexation of iron with the imidazol and carboxylate
additives might be an important factor in creating an active catalyst. [23]
In order to exclude that the Fe-N/C catalyst is merely a source of free iron(III), an
experiment was conducted where the epoxidation as described in 7.2.2 was performed
with FeCl3 ·H2O instead of the Fe-N/C material. Air was used as the oxidant rather
than oxygen and the amount of catalysts was chosen to contain the same amount of iron,
where 1 wt% active iron was assumed for the Fe-N/C catalyst. [22]
Chapter 7: Epoxidation catalysis 289
Scheme 7.8: Iron-catalyzed epoxidation of stilbene with air. [Taken with permission
from Ref. [23]]
Table 7.3: Epoxidation of cyclohexene comparing Fe-N/C catalyst to FeCl3 · 6H2O. 2
eq of isobutytaldehyde and 5 mol% Fe to cyclohexene, 1 atm air. Values after 24 h at
room temperature as determined by GC. [data taken from Ref. [22]]
Entry Catalyst Conversion [%] Yield [%] Selectivity [%]
1 Fe-N/C 23 18 77
2 FeCl3 · 6H2O 50 0 0
The results are shown in Table 7.3. It can be seen that due to using air rather than
oxygen, the conversion with the Fe-N/C catalyst was lower compared to when pure
oxygen was used with this catalyst (see Table 7.2). However, the selectivity was still
high. For FeCl3 · 6H2O there was alkene consumption, but no epoxide was formed. This
indicates that free Fe ions are not capable of catalysing the epoxidation in this system
and some sort of ligation of the central metal ion is needed to create an active catalyst. It
further suggests that if iron is the active site in this reaction, the chemical environment is
an important factor in governing its activity. This is an indication of direct involvement
of an active site within the Fe-N/C catalyst in the cycle.
7.2.8 Mechanistic considerations
Due to the complex mixture of reagents, a complicated mechanism seems to be present.
Even for well-deﬁned iron complexes it is not clear what the metal contribution is.
Scheme 7.9: Mechanism proposed in Ref. [9] for the epoxidation of alkene with O2
and aldehyde, catalysed by metal complexes. [Reprinted with permission from Ref. [9].
Copyright 1996 American Chemical Society.]
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Figure 7.9 shows a mechanism which was often proposed for this type of reaction with
transition metal complexes. [9] Within this mechanism the metal centre serves two roles;
i) it oxidises the aldehyde to produce a radical species and a proton. ii) it reacts with
the peroxy-radical which is formed by the reaction of the aldehyde-radical with oxygen.
The resulting metal-oxo species can then epoxidise the oleﬁn to regenerate the metal. [9]
However, Nam et al. came to the conclusion that a metal-oxo species is not a prerequisite
to form an epoxide, as it has been found that the acyl-peroxy radical is capable of epoxi-
dising the oleﬁn on its own, be it with lower overall eﬃciency. [9] A further possible active
species wich was proposed is a complex of the acyl-peroxy compound with the metal. This
was inferred as it is known that peroxy compounds such as metaliodosylbenzene complex,
metalhydroperoxide, metalalkylperoxide, and metalperoxyacid can react to form epox-
ides. [9] Interestingly, the investigation of cis-stilbene resulted in the same preference for
the trans-epoxide as found with the Fe-N/C catalyst presented here (see 7.2.2).
As for the generation of the acyl radical, two possible scenarios were suggested; i) the
metal ion itself catalyses the oxidation of the aldehyde to form the radical as shown in
Equation 7.1. [9]
Mn+ +RCHO M(n−1)+ +RC(O)· +H+ (7.1)
or ii) the metal reacts with oxygen to form a superoxide radical, which then abstracts a
hydrogen atom from the aldehyde to form the peroxy species as shown in Equation 7.2. [9]
Mn+ +O2 (M−OO·)n+ RCHO (M−OOH)n+ +RC(O)· (7.2)
Another model put forward by Serra et al. proposes that the metal centre is not involved
at all in the oxygen transfer. [10] The mechanism is shown in Figure 7.10. [10] The study
concludes due to the observation that simple metal salts, such as Mn(OAc)2 can catalyse
the reaction as well. [10] It was proposed that the main oxidising species are percarboxylic
acid and acyl-peroxy radical. Once the initiation of the radical chain reaction starts, it
will be propagated by various steps in the mechanism. [10]
However, although the addition of a metal salt was capable of forming the epoxide in
this study, an induction time of several hours was observed. [10] This is in stark contrast
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Scheme 7.10: Mechanism proposed for the epoxidation of alkene with O2 and aldehyde,
catalysed by metal salts. [Taken with permission from Ref. [10]]
with the induction time found with the Fe-N/C catalyst which was between 5 - 10
minutes. This suggests that either the heterogeneous catalyst is signiﬁcantly more eﬃcient
in forming the radical species than the metal salt or a diﬀerent mechanism is present.
A combination of all the proposed mechanisms is possible as well. In Ref. [22] it was
found that the aldehyde alone will react with a high rate to the carboxylic acid without
the addition of the alkene. Therefore, this radical oxidation of the aldehyde is a major
side reaction. The observed increase in potential might arise due to the formation of a
large amount of peroxy species.
Nevertheless, a direct metal involvement in the mechanism is plausible. The presence of
an induction time is curious. The fact that the Fe-N/C catalyst behaves exactly the
same as metal porphyrins under these conditions is intriguing and points to a similar
mechanism. This high apparent TOF for a heterogeneous material and a correlation of
the reaction with the potential is striking.
Unlike metal salts or complexes, the heterogeneous nature together with the conductivity
of the material gives the possibility for a diﬀerent ”heteroelectrochemical” mechanism.
It might be possible that various reactions take place on the surface of the catalyst at
diﬀerent sites and electrons are transferred across the conductive material where they are
consumed.
Scheme 7.11 shows one possible manifestation of such a mechanism. At the start the
uncoordinated catalyst (A) has some resting potential, which is deﬁned by the redox
potential of the species within the material, e.g. Fe2+/Fe3+. After oxygen coordination
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Scheme 7.11: Possible mechanism for the epoxidation of alkene with O2 and aldehyde,
catalysed by Fe-N/C catalyst.
to the active iron site, the open circuit potential of the system (B) will rise. The higher
potential of the catalyst surface will allow for the oxidation of the aldehyde (1). This
results in the release of protons and the formation of methacrolein3 (2) as minor side
product and isobutyric acid (3) as major side product. The reaction can occur on any
other site on the catalyst surface and the released electrons can be transferred to the
active site. The electron and proton transfer then leads to the formation of the Fe-oxo
species which has a signiﬁcantly higher open circuit potential (D). This species (E) can
then react with the oleﬁn (4) to form the epoxide (5).
Another plausible alternative would be the release of superoxide formed by species C
upon electron transfer, thereby facilitating radical formation as shown in Equation 7.2
(”superoxide mechanism”).
3Small amounts of methacrolein were found in the GC spectra of all reactions.
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7.2.9 Further possible experiments
The ﬁndings in this chapter can be the basis for further fundamental insight. A range of
experiments can now be carried out in order to support or rule out the hypotheses and
mechanistic proposals provided in this chapter:
(i) Is the active site of the electrochemical ORR and the epoxidation the same? - This
could be tested by determining the eﬀect of nitrite on the rate of epoxidation with
the set-up developed here. A signiﬁcant eﬀect on the epoxidation reaction would
strongly suggest a correlation.
(ii) Is there the possibility of a novel ”heteroelectrochemical” reaction mechanism? - The
eﬀect of the concentration of various compounds, which participate in the proposal
in Scheme 7.11, on the reaction rate and product distribution might give more
insight. The eﬀect of water could be investigated and the reaction mixture could be
analysed for product water.
(iii) Further evidence for the ”heteroelectrochemical” mechanism could be sought by sep-
arating the alkene and coreductant into 2 ﬂasks with solvent and catalyst. Connect-
ing these ﬂasks ionically and electronically and tracking the potential and oxygen
consumption of these half cells might verify this mechanism. If the epoxidation
reaction takes place when the cells are connected, while it does not otherwise, an
electron transfer between active sites would be highly likely.
(iv) The ”superoxide mechanism” on the other hand could be veriﬁed by adding a su-
peroxide probe to the reaction mixture to verify the presence of signiﬁcant amounts
of superoxide.
7.3 Conclusions
In order to gain further information on the chemical behaviour of the active site, a new
concept of using organic chemical reactions as ”probe” for the activity was introduced.
The epoxidation reaction of alkenes with molecular oxygen and the co-oxidation of isobu-
tyraldehyde was studied. Usually this reaction is carried out with metal macrocyclic
complexes. Diﬀerent M-N/C catalysts were used instead of metal complexes. It was
found that those act as catalysts towards the epoxidation reaction in the same manner as
Chapter 7: Epoxidation catalysis 294
the metal complex. The TON was exceptionally high and could be as high as 1 000 000 on
per active site basis. It seems a better ORR catalyst is a better epoxidation catalyst. En-
couraged by this apparent correlation, the most active Fe-N/C catalyst was investigated
in more depth. It was found that even notoriously diﬃcult alkenes can be epoxidised by
this system. The steroselectivity of cis-stilbene to trans-stilbene-oxide indicates a radical
mechanism. The rate of oxygen uptake was measured and an apparent TOF of ∼10 per
iron site has been estimated, which is exceptionally high for heterogeneous catalysis. It
was found that an initiation time of ∼5 minutes precedes oxygen uptake. The potential
in the reaction mixture was monitored. Upon addition of the coreductant isobutyralde-
hyde, the potential rose during ∼5 minutes by ∼300 mV. A correlation of oxygen uptake
and potential of the reaction mixture was found. It was found that the Fe-N/C catalyst
performs signiﬁcantly better than free iron ions in the form of added FeCl3 · 6H2O. Mech-
anistic proposals in literature were discussed and parallels of the behaviour of the Fe-N/C
catalyst to Fe porphyrin complexes were found. It seems plausible that the metal centre
takes part in the catalytic cycle, which consists of some kind of radical chain reaction. A
new ”heteroelectrochemical” reaction mechanism is also possible. Due to the conductive
nature of the catalyst, electron transfer between active sites is possible. A further study
of this system might have several beneﬁts; i) it might lead to fundamental insight into
the behaviour of the active site and lead to improvements for the ORR in fuel cells. ii)
it might lead to the development of a robust heterogeneous catalytic system, which uses
oxygen under mild conditions and might become an important industrial process. iii) if
this newly proposed mechanism is present it could inspire new synthetic approaches for
chemical compounds.
7.4 Experimental Part
7.4.1 Epoxidation reactions
In a round bottomed ﬂask, the catalyst (25 mg) was sonicated in acetonitrile (25 mL, LC-
MS Grade from Fluka) in order to ﬁnely disperse the catalyst. Cyclohexene (6.70 mmol,
≥99.0% Sigma-Aldrich) and coreductant isobutyraldehyde (7.32 mmol, ≥99.0% Sigma-
Aldrich ) were added to the ﬂask. A balloon containing approx. 5 litres oxygen (Research
Grade, BOC) was attached via a needle and allowed to bubble in order to saturate the
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solution with oxygen. Then the system was closed and left stirring. Aliquot were removed
and subjected to GC analysis after the respective periods. When other ratios were used
those are speciﬁed in the text.
7.4.2 GC analysis of reaction mixture
For GC analysis, an aliquot (approx. 1 mL) was removed from the ﬂask with a syringe.
The catalyst was removed from the aliquot with a syringe ﬁlter (0.2 μm PTFE, Merck
Millex®). For calibration, the relative response factor of each quantiﬁed compound was
determined against mesitylene as internal standard with at least 3 measurements per
compound (see 2.2.11). GC vials were prepared with 50 mg mesitylene (≥98%, Sigma-
Aldrich) and approx. 0.8 mL of crude ﬁltered reaction mixture and run through the
GC (Agilent 6890 Series gas chromatograph, equipped with a FID and a BPX5 capillary
column: 30 m, I.D. 0.32 mm. Helium was used as a carrier gas). The exact amount of
standard and aliquot was determied gravimetrically on an analytical ﬁne balance (Ohaus
Discovery, 10 μg resolution), in order to minimise errors.
7.4.3 Oxygen uptake measurements
The set-up used to study the oxygen uptake is described in 7.2.4.
7.4.4 Potential measurements
A three-necked round bottom ﬂask was used as reaction medium. A leak free Ag/AgCl
reference electrode (Warner Instruments) and carbon ﬁbre/gold working electrode were
inserted into the reaction solution via two diﬀerent openings and care was taken to prevent
short circuit. By using rubber septa (Sigma-Aldrich) the system was sealed. A Gamry
3000 Potentiostat/Galvanostat was used to track the open circuit potential between both
electrodes. The oxygen was supplied as described above via the third opening. The
reaction mixture was as described above with the addition of 0.1 mM of (t−Bu)4NBF4
to introduce the necessary conductivity for the electrochemical measurement.
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The eﬀect of ionomer to carbon (I/C) ratio on the performance of PEMFC MEAs was
investigated for three diﬀerent M-N/C catalysts at the cathode with Pt/C-based anodes. It
was found that the ideal ionomer content is a key factor for improving the performance of
the catalyst. Non-optimal ionomer loading leads to two diﬀerent features in the impedance
spectrum: deviation of the slope in the high frequency region of the Nyquist-representation
from a 45° line and a deviation from a 90° line in the low frequency region. An elec-
trode morphology based on the presence of inhomogeneous resistance distribution within
the porous structure is suggested to explain the observed phenomena. It is shown how
impedance spectroscopy can be used to quickly assess whether the optimal, a too high or
a too low ionomer content is present in the catalyst layer. A simple ﬂowchart to aid fuel
cell optimisation is provided. This study can therefore help to speed up the optimisation
of PEM single cells operated on M-N/C cathode catalysts.
Chapter 8
M-N/C catalysts in PEM single
cells - catalyst layer optimisation
utilising impedance spectroscopy
8.1 Introduction
Commercialisation of low temperature fuel cells requires signiﬁcant cost reductions. [1]
Replacing expensive platinum at the cathode with non-precious metal based catalysts
(NPMCs) is a promising option. [2] Although these materials show remarkable activity
under fuel cell operating conditions, their intrinsic catalytic activity is still lower than
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that of Pt. [2, 3] Due to the lower price, a higher loading is conceivable to compensate
for this drawback. However, there is limited beneﬁt in increasing the thickness of the
catalyst layer (CL) in the membrane electrode assembly (MEA) beyond a certain value.
This is partly because proton resistance (H+), electronic resistance of the CL (ρel cath)
and mass transport resistance (ρmt) become limiting factors as the thickness is increased.
This will eventually outweigh the beneﬁt of more catalyst. Therefore the US department
of energy (DoE) deﬁned targets (2020) for the volumetric activity of non-precious metal
catalysts of >300 A cm-3 at 0.8 V cell voltage. [4] It has been shown that the ionomer
to carbon (I/C) ratio is a signiﬁcant performance determining factor, both for Pt based
catalysts and for non-precious metal catalysts. [5, 6] Moreover, for Pt on carbon it has
been shown that the optimal ionomer content depends strongly on the microstructure of
the carbon support and the inﬂuence of the ionomer content on the proton conductivity
has also been well investigated. [6, 7] These studies helped to understand the behaviour of
the catalyst layer and provided information that led to signiﬁcant performance increase in
cathodes operated with platinum based catalysts. However, these results cannot be easily
translated to cathodes operated on NPMCs. This is ﬁrstly because the microstructure
and composition of newly developed NPMCs varies widely. [3] Secondly, while the activity
of precious metal catalysts is localized on micro- and/or nanoparticles that are attached
to the carbon support, the activity in non-precious metal catalysts is believed to be highly
dispersed within the carbon structure itself or situated on the opening of micropores. [8]
This has tremendous impact on the requirements for proton and gas transport within the
catalyst layer.
Much work has been devoted to tune the ionomer content and electrode preparation pro-
cess for precious metal catalysts in order to facilitate eﬃcient proton and gas transport
to the reaction site and water away from the reaction site. [4, 9–20] While a homogeneous
ionomer coverage is on one hand desired for eﬀective proton transport it is on the other
hand detrimental for the gaseous reactant transport as it creates a barrier for the reac-
tant to access the active site, resulting in mass transport resistance. Numerous NPMCs
have already been reported in active fuel cells. However to date there is no study that
investigates the phenomena present within such catalyst layers.
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8.2 Electrochemical Impedance Spectroscopy for fuel cell
analysis
The general concept of impedance was discussed in 2.1.2. Electrochemical impedance
spectroscopy (EIS) on single cells operating on H2/O2 can be used to extract the high
frequency resistance, which is associated with the electronic resistances of the current leads
and cell assembly as well as of the membrane. The high frequency resistance corrected
cell potential values are better suited to compare catalyst performance, since unrelated
performance losses are compensated for. This high frequency corrected cell potential is
given by:
EHFR−free = Ecell + j ∗HFR (8.1)
where EHFR−free is the high frequency corrected cell potential in V, Ecell is the measured
uncorrected cell potential in V, j is the current density at the respective cell potential in
A cm-2 and HFR is the high frequency area speciﬁc resistance, as extracted from the real
value of the impedance at 0 degree phase angle in Ω cm2.
Further insights into the fuel cell cathode performance can be gained from electrochemical
impedance spectroscopy measurements in the absence of a faradaic reaction. Although
simple, the transmission line model is suitable to examine H2/Argon PEMFC single cell
properties. [6, 13, 14]
Figure 8.1 (a) shows the equivalent circuit of the transmission line without a faradaic
reaction. The contributions within the catalyst layer consist of protonic resistance (Rp)
and double layer capacitance (CDL). In the presence of a faradaic reaction (Figure 8.1 (a))
the charge transfer resistance of the reaction (RCT) contributes as well. The impedance
derived from this transmission line model in the absence of a faradaic reaction (Figure 8.1
(a)) is given by: [22]
Z(iω) =
√
RD
iωCD
coth(iωRDCD) (8.2)
where RD is the total distributed resistance in Ω and CD the total distributed capacitance
in F. Applying asymptotic approximations one arrives at a 45° line at high frequency
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Figure 8.1: (a) Transmission line equivalent circuit of the catalyst layer (grey) be-
tween the membrane (ionic) and electronic resistive elements in the absence of a faradaic
reaction, with the protonic resistance Rp and the double layer capacitance CDL. (b)
Transmission line equivalent circuit in the presence of a faradaic reaction represented by
the addition of the charge transfer resistance RCT. [Adapted from Ref. [21]]
and a vertical line towards low frequency in the Nyquist-plot. [22] From this feature the
proton resistances in catalyst layers have been extracted for Pt based catalysts. [6, 7, 13]
Furthermore one can extract the frequency dispersion in these electrodes which gives rise
to the constant phase element (CPE) and is deﬁned as: [23]
ZCPE =
1
Q(iω)φ
(8.3)
where, Q is the parameter related to the electrode capacitance (F sφ− 1 cm-2), and φ is
the dimensionless constant phase exponent and related to the deviation from the pure
capacitive line of 90° towards an angle of 90°*φ in the Nyquist-plot at low frequencies
or a deviation of the limiting phase angle below 90° in the Bode phase angle plot. [23]
The origin of this CPE can be attributed to adsorption/diﬀusion processes at the catalyst
surface. [23] A CPE behaviour in a fuel cell electrode could therefore originate from
inhomogeneous proton diﬀusion towards the gas diﬀusion electrode, where the proton
mobility is restricted due to low or inhomogeneous ionomer coverage. Hence a higher
frequency dispersion might be detrimental for cell performance.
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8.3 Information on catalyst layer structure
In this chapter impedance spectroscopy in combination with a varying ionomer content
on three diﬀerent NPMCs with diﬀerent activity and microstructure is employed in order
to investigate the impact of the I/C ratio on their performance. Experiments were made
in the presence and absence of reactant in order to gain deeper insight into the operation
of the fuel cell and to determine whether the ionomer content is too high or too low
by EIS. This analysis opens the way for understanding of the behaviour of non-precious
metal catalyst layers, which is fundamental for the further development of alternative
oxygen reduction reaction catalysts. Furthermore, it helps to develop a simple strategy
for the estimation of the optimal I/C ratio for a newly prepared carbon based catalyst
thus accelerating developments in this ﬁeld.
8.4 Results and Discussions1
8.4.1 Microstructure and RDE performance of 3 diﬀerent catalysts
To highlight the structural diﬀerences of the catalysts, the BET surface area as determined
by nitrogen adsorption analysis in Chapter 3 is shown here. The BET surface areas of
the catalyst powders are 789 m2 g-1 for FeCo-N/C, 478 m2 g-1 for Fe-N/C and 1249
m2 g-1 for MgO APS 2.
The Barrett-Joyner-Halenda (BJH) pore size distribution as shown in Figure 8.2 is also
qualitatively diﬀerent for each sample.
The performance of the diﬀerently prepared catalysts was initially determined by the ro-
tating disk electrode method in 0.5 M H2SO4 acid at a loading of 750 μg cm-1 (Figure 8.3).
This allows comparison of the activity of the catalysts. It is seen that the activity of the
FeCo-N/C catalyst (0.077 A g-1 @ 0.8 V vs RHE or 0.192 A cm-32) is signiﬁcantly lower
than Fe-N/C (0.77 A g-1 or 1.93 A cm-3) and MgO APS 2 (1.36 A g-1 or 3.4 A cm-3)
1The experiments for this chapter were conducted in collaboration with Dr. Thiago Lopes during an
Imperial College Global Engagement Project at the University of Sao Carlos, hosted by Prof. Edson A.
Ticianelli.
2Assuming a catalyst layer density of 0.4 g cm-2 [1]
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Figure 8.2: Pore size distribution, as determined by the BJH method from the desorp-
tion branch of the respective isotherm for (a) FeCo-N/C catalyst (b) Fe-N/C catalyst
and (c) MgO APS 2 catalyst. [Adapted from Ref. [21]]
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Figure 8.3: Steady-state Rotating Disk Electrode (RDE) measurements of utilised
catalysts. Catalyst loading: 750 μg cm-2, rotation rate: 1600 rpm, O2-saturated 0.5 M
H2SO4, 30 s hold 30 mV step potential. [Adapted from Ref. [21]]
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at the same potential.3 These results demonstrate the diﬀerences in the surface area and
microstructure, as well as in the activity of the diﬀerent catalysts.
8.4.2 Structure and thickness of the catalyst layer
These materials were fabricated into membrane electrode assemblies (MEA) for single
cell performance testing. The cathode catalyst loading used in this study was 4 mg cm-2,
while the anode loading was 0.4 mgPt cm
-2 (Alfa Aesar, Johnson Matthey Hydrogen
Reformate/Cathode). A relatively high Pt anode loading was chosen in order to ensure
that no limiting eﬀects of the anode reaction, which could interfere with the results, were
experienced.
Figure 8.4: Representative scanning electron micrograph showing the freeze fractured
cross section of a membrane electrode assembly, with the anode catalyst layer/mem-
brane/cathode catalyst layer from left to right. [Adapted from Ref. [21]]
Figure 8.4 shows a representative scanning electron micrograph of the cross section of
such a MEA. It can be clearly seen that the non-precious metal catalyst layer on the right
hand side is signiﬁcantly thicker (∼100 μm) compared to the anode catalyst layer on the
left hand side (∼10 μm). Such thin catalyst layers as seen in the anode are representative
of those seen on the cathode when platinum is used as electrocatalyst. This illustrates the
large diﬀerence between Pt based and NPMC catalyst layers. This large thickness has a
signiﬁcant impact on properties such as proton and mass transport.
High resolution SEM images of the catalyst layers of diﬀerent ionomer content are shown
in Figure 8.5. It can be clearly seen that ionomer agglomerations are increasingly present
for increasing ionomer loading in the sample.
3Implications on the activity interpretation caused by the diﬀering limiting currents are discussed
in Chapter 3.2.4. The purpose of the RDE plot here is to show that these material possess diﬀerent
properties. This shall verify that the phenomena found are not dependent on the catalyst.
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Figure 8.5: High resolution SEM images at low magniﬁcation (left) and high magniﬁ-
cation (right) of catalyst layer cross section for the cathode with catalyst FeCo-N/C (a)
I/C 0.5 (b) I/C 1 (c) I/C 2. [Taken with permission from Ref. [21]]
It also visualises the structural diﬀerence of the 3 investigated catalysts, additional to the
diﬀerence in BET surface area and BJH pore size distribution.
8.4.3 Performance of catalysts with diﬀerent ionomer loadings
Figure 8.6 shows plots of the iR-free cell potentials versus current density for the diﬀerent
electrodes, operated with the respective catalysts at diﬀerent ionomer loadings.
Ionomer to catalyst ratios between 0.5 and 3 have been chosen in this study as the
optimum value always falls within this range. A wide range of optimal ionomer loadings
is not surprising, given the diﬀerence in activity and microstructure. However, it is time
consuming to determine the optimum ionomer ratio for a speciﬁc catalyst. While for
the catalysts FeCo-N/C and MgO APS 2 an I/C ratio of 1 has been identiﬁed as the
optimum, for catalyst Fe-N/C it is 1.5. The current density at 2 diﬀerent iR-corrected
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Figure 8.6: Left: Galvanostatic polarisation curves for single cells with diﬀerent
ionomer loadings at the cathode, Anode: H2, 160 sccm, 2 bar back pressure (gauge),
100% RH, Johnson Matthey Hydrogen reformate electrode 0.4 mgPt cm
-2, Cathode: O2,
550 sccm, 2 bar back pressure (gauge), 100% RH, 4mgcatalyst cm
-2; Cell Temperature:
80 °C. Right: Bar plot depicting the respective current density at 2 diﬀerent cell po-
tentials. a) FeCo-N/C b) Fe-N/C c) MgO APS 2. Cell voltages are iR-corrected using
the resistance determined from the high frequency intercept with the real axis in the
Nyquist-plot. [Taken with permission from Ref. [21]]
cell potentials are depicted in Figure 4 on the right hand side. It can be seen that at low
current densities, i.e. high cell potential, the trend is not the same for the catalysts FeCo-
N/C and MgO APS 2 which operate better with a low ionomer content at high current
densities. For the catalystMgO APS 2, at low current density, a higher ionomer content
is indeed beneﬁcial. The reason might be that with a higher ionomer content more active
sites might be accessible. However this beneﬁt might be lost at high current densities,
where proton and mass transport become more important.
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8.4.4 Impedance in the absence of a faradaic reaction
Figure 8.7 shows the Nyquist (left, and in expanded view on the right) and Bode phase
angle (centre) plots for the cells with the cathode under an inert environment at 0.1 V
with the three diﬀerent cathode catalysts.
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Figure 8.7: Left: Nyquist-plots, centre: Bode phase angle plots, right: Magni-
ﬁed Nyquist-plots, recorded for the cells operating on (a) FeCo-N/C (b) Fe-N/C (c)
MgO APS 2 at the cathode at 0.1 V cell potential, anode: 20 sccm hydrogen, cathode:
550 sccm argon. Dashed red line corresponds to 45° in Nyquist-plot. Dashed black line
corresponds to 30°. [Taken with permission from Ref. [21]]
Nyquist and Bode-plots are corrected for the uncompensated high frequency resistance,
as described in the experimental part. Corresponding results for H2/O2 single cells under
operation are shown in Figures 8.8 and 8.9 for cell potentials of 0.60 V and 0.27 V,
respectively.
The results for operation in H2/Argon (Figure 8.7) show that there is a consistent predictor
across all three catalysts for the best performing ionomer/carbon ratios (highlighted bold
in the ﬁgure legend). The predictor is based on the phase angle response at low and high
frequencies. The best performing systems meet the following criteria:
(a) At high frequencies they show phase angles close to 45° (cf. Equation 8.2)
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(b) At low frequencies, they maintain phase angle shifts close to 90° up to the highest
possible frequency (cf. Equation 8.3)
Moreover, there are two aspects of the phase angle shift which can be used to ascertain
whether a catalyst layer has too much or too little ionomer in it:
(a) Catalyst layers with too much ionomer show phase shifts below 45°, and tend to
approach shifts of 30° (i.e. I/C 1.5,2 and 3 for catalyst FeCo-N/C, I/C 2 for Fe-
N/C and I/C 1.5 and 2 for MgO APS 2 all show phase angle minima of 30° and
contain more ionomer than the optimum value).
(b) Catalyst layers with too little ionomer deviate from the low frequency 90° plateau
at much lower frequencies than catalyst layers with excess ionomer (i.e. I/C 0.5 for
FeCo-N/C, I/C 0.5 and 1 for Fe-N/C).
Hence cells with the highest performance are those which remain close to the 45° phase
shift at the highest frequency (red dashed lines in plots) and which show an extended
plateau region of ca. 90° in the low frequency Bode phase angle plot.
The criteria are rationalised in the following way:
If the electrode is fully ﬂooded with ionomer then the entire porous structure is acces-
sible with the lowest possible pore resistance, and so the system shows an extended low
frequency region in which the response is dominated by the electrode capacitance. In our
case all electrodes seem to asymptotically approach a limiting phase angle of 85° at low
frequency suggesting the constant phase exponent, φ, is close to one. As the ionomer
content is decreased, this gives rise to an increasing pore resistance and decreasing cov-
erage of the ionomer on the carbon shifting the phase angle response from ∼85° to lower
values at a given frequency (i.e. the pole in the frequency response shifts down in fre-
quency). Increasing the ionomer content above the minimum required to suitably access
the entire surface area of the catalyst will result in extra transport loses to no beneﬁt of
the catalyst performance. The response at high frequency is rationalised on the basis of
Equation 8.2 [22], which predicts a 45° angle line in the phase plot at high frequency [13].
It is interesting that the poorly performing electrodes (e.g. those with too much ionomer)
show high frequency phase angles which fall below this value and seem to approach a
characteristic value of 30°.
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8.4.5 Impedance under operation
This anomalous eﬀect in the Nyquist-plot can also be seen in the fuel cells operating with
oxygen on the cathode (Figure 8.8, left), especially for the FeCo-N/C catalyst. Inter-
estingly, this behaviour seems to be correlated with the performance of the iR-corrected
results, especially at higher current densities, depicted in Figure 8.6 (a).
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Figure 8.8: Left: Nyquist-plots, inset: magniﬁcation of high frequency region, right:
Bode phase angle plots, recorded for the cells operating on (a) FeCo-N/C (b) Fe-N/C (c)
MgO APS 2 at the cathode at 0.6 V cell potential, Anode: 160 sccm hydrogen, Cathode:
550 sccm oxygen. Dashed red line corresponds to 45° in Nyquist-plot. [Taken with
permission from Ref. [21]]
Another interesting ﬁnding is that at high current densities, a signiﬁcant Warburg impedance
is visible in the impedance spectrum (Figure 8.9), for the MEAs operating with the better
performing catalysts Fe-N/C and MgO APS 2.
This is deducted because of the clearly visible 45° line or indication of a second arc at
low frequencies (Figure 7 8.9 (b) and (c) left). Especially for catalyst Fe-N/C at its
optimal I/C ratio of 1.5 and the catalyst MgO APS 2 at its optimal I/C ratio of 1.
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Figure 8.9: Left: Nyquist-plots, right: Bode phase angle plots, recorded for the cells
operating on (a) FeCo-N/C (b) Fe-N/C (c) MgO APS 2 at the cathode at 0.6 V cell
potential, Anode: 160 sccm hydrogen, Cathode: 550 sccm oxygen. Dashed red line
corresponds to 45° in Nyquist-plot. [Taken with permission from Ref. [21]]
This means that a signiﬁcant mass transport resistance is present even at a relatively
low current density of 1.2 A cm-2. Usually single cells with a similar active area working
with Pt based cathode catalyst under pure oxygen can reach current densities that are
up to 3-5 times higher before experiencing mass transport limitations. [24] This indicates
that not only proton conductivity and catalytic activity have to be optimised, but also
the gas transport properties of the catalyst layer have to be taken into account, in order
to eventually reach performances similar to Pt based cathodes. Furthermore it can be
seen that the maximum in the phase angle (Figure 8.8 and 8.8 right) of the Bode phase
plots in the cells operating under H2/O2 shifts to lower frequencies at a higher ionomer
loading. This is more pronounced under higher current densities. This might indicate
that the dispersion of time constants of individual R − S elements within the catalyst
layer is increasing. [23] In all cases the compositions with the maximum performance
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(highlighted in bold in the ﬁgure legends) are those with the smallest absolute magnitude
at low frequencies.
8.4.6 Eﬀect of CL thickness, relative humidity and backpressure on the
EIS spectrum
To conﬁrm whether the deviation from the 45° slope, as seen in Figure 8.8, can be solely
attributed to the ionomer content and is not related to catalyst layer thickness, electrodes
with a diﬀerent loading and hence diﬀerent thickness were prepared, while using the
optimal ionomer content as determined before.
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Figure 8.10: Galvanostatic polarisation curves for single cells with diﬀerent catalyst
loadings at the cathode, anode: H2, 160 sccm, 2 bar back pressure (gage), 100% RH,
Johnson Matthey Hydrogen reformate electrode 0.4 mgPt cm
-2, cathode: O2, 550 sccm,
2 bar back pressure (gage), 100% RH, 4mgcatalyst cm
-2; Cell temperature: 80 °C. [Taken
with permission from Ref. [21]]
Figure 8.10 shows the iR-corrected polarisation curves of single cells with diﬀerent cata-
lyst loadings. Not surprisingly, a higher catalyst loading provides a higher performance.
However, in an additional study it was shown that signiﬁcant mass transport losses are
present when increasing the catalyst layer thickness, placing limitations on the maximum
amount of catalyst feasible. [25]
Figure 8.11 shows the corresponding H2/Argon single cell Nyquist impedance plot. It can
be seen that the slope at high frequency follows the 45° slope without any dependence on
the thickness.
To rule out any eﬀect of the back pressure, spectra with and without backpressure were
recorded (Figure 8.12), and these did not evidence a signiﬁcant eﬀect. These results
clearly show that this phenomenon can be solely attributed to processes related to the
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sure at I/C ratio (a) 0.5 (b) 1.0 (c) 2.0. [Taken with permission from Ref. [21]]
ionomer. Furthermore, the fact that this eﬀect is present in the absence of a faradaic
reaction means that it is likely correlated with the proton conductivity.
To investigate whether this is a structural feature of the electrode or dependent on the
operating conditions, the relative humidity and thus the proton conductivity was varied
(Figure 8.13). For a lower RH value, as expected the proton resistance increases. However
for the system with the optimum I/C ratio (Figure 8.13 (a)), the 45° slope was retained
at all humidities. This indicates that the operating conditions do not exhibit an inﬂuence
that aﬀects this high frequency feature at the optimal ionomer loading. However, a more
profound eﬀect is seen for a non-optimised I/C ratio, as seen in Figure 8.13 (b). In this
case there is a signiﬁcant variation in the high frequency response with a range of diﬀerent
limiting phase angles seen in the Bode-plot.
8.4.7 Interpretation of observed results
The impedance study of porous electrodes is a well-developed topic, as it has tremendous
practical importance. [20, 22, 23, 26–36] The deviation from 45° at high frequency observed
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Figure 8.13: Nyquist-plots for the cell operating on catalyst Fe-N/C for an optimum
I/C ratio (a), and a non-ideal ratio (b). 0.1 V cell potential at diﬀerent relative humidity
levels, anode: 160 sccm Hydrogen, cathode: 550 sccm Argon. Dashed red line corresponds
to 45° angle and dashed black line to 30°. [Taken with permission from Ref. [21]]
here has been ascribed to diﬀerent eﬀects. For example, Keiser et al. modelled the
impedance response for pores with diﬀerent shapes. [30] The model is based on a recursive
method where the disc is divided into segments with ﬁxed height and radius. Each pore
has its own electrolyte resistance and double layer capacitance. The electrolyte resistance
down the pore varies according to the respective cross section in this segment. Therefore
pores of diﬀerent shapes can be constructed. The standardized pore impedance is then
obtained by a recursion formula. More details can be found in Ref. [30]. The resistance of
the pore changes with the pore radius. This means that for the pore with a narrow neck
and wide body, the resistance decreases, as the A/C current penetrates deeper into the
pore and the cross section has a larger radius. The situation is diﬀerent for the narrowing
pore, which has an increasing resistance. In summary, it is found that pore shapes which
signiﬁcantly deviate from a cylindrical geometry lead to a behaviour in the Nyquist-plot
which is intriguingly similar to that observed in our spectra. This model predicts that
when a pore has a narrow mouth and a wide body, the slope drops signiﬁcantly below the
typical 45°, while having a wide pore mouth and narrowing down towards the end of the
pore provides a line that stays above 45° as observed for our spectra with low ionomer
content. The slope calculated for the perfect cylindrical pore yields the 45° high frequency
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slope.
Figure 8.14: (a) Schematic describing porous carbon covered with a layer of ionomer
(b) - (d) showing how the ionomer coverage corresponds to electrolyte ﬁlled pores. (b)
incomplete coverage (c) homogeneous coverage (d) high loading with inhomogeneously
ﬁlled pore. On the right hand side are representative Nyquist plots associated with the
characteristic pore shapes as described in Ref. [30]. [Taken with permission from Ref. [21]]
These ﬁndings have been used to suggest an explanation for the behaviour observed in
the spectra. Figure 8.14 (a) depicts a model of the carbon particles covered with ionomer.
Figure 8.14 (b) shows how a narrowing down pore would translate into an ionomer cover-
age that does not completely penetrate to the bottom of the pore (low ionomer loading).
This is analogous to a pore which narrows along its length. A homogeneous coverage
depicted in Figure 8.14 (c) will lead to homogeneous layer thickness and will hence show
a uniform resistance down the pore, which is analogous to a cylindrical pore. A high
ionomer loading as depicted in Figure 8.14 (d) will ﬁll up the pore and will lead to a
lower resistance further inside the pore and would translate into a pore with a narrow
mouth and wide body. Although this might be an oversimpliﬁed model it can explain the
anomalous eﬀects observed here.
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A non-optimal ionomer loading will inevitably lead to an inhomogeneous resistance within
the catalyst layer, consistent with the anomalous impedance behaviour observed for the
H2/Argon single cells at high frequencies and the Warburg impedance seen at high current
densities for the H2/O2 cells. The method proposed here can easily identify the presence
of such inhomogeneities and hence signiﬁcantly aid in strategies for the optimization of
the electrode catalyst layer structures.
8.4.8 Optimisation protocol
In Figure 8.15 a simple ﬂow diagram shows how an optimisation process for these elec-
trodes would be implemented is provided.
Figure 8.15: Flow chart illustrating the optimisation strategy to obtain the best per-
forming catalyst layer. [Taken with permission from Ref. [21]]
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The approach involves making a succession of electrodes and determining their EIS per-
formance in a fuel cell conﬁguration running on H2/Argon. Utilising this approach the
optimum conﬁguration would be determined for all the presented catalyst systems in a
minimum number of steps.
8.5 Conclusions
By performing an extensive electrochemical impedance spectroscopy (EIS) investigation
of three diﬀerent non-precious metal catalysts with diﬀerent ionomer content in PEM
single cells, it was found that impedance spectroscopy can be used as a diagnostic tool
to ﬁnd an optimised ionomer loading for a given new catalyst. An ionomer coverage
which is too high will lead to a deviation from the high frequency 45° line in the Nyquist-
plot with a tendency to follow a 30° line when the cell is operated in the absence of
a faradaic reaction. At low frequencies a phase angle closer to 90° is beneﬁcial. These
features are independent of catalyst layer thickness or operating conditions such as relative
humidity or back pressure. This strongly suggests a structural origin. An inhomogeneous
current distribution, caused by over- or undersaturation of the porous structure with
ionomer, is suggested as source of this phenomenon. Although the suggestion relies on
an oversimpliﬁed model it may give an idea of what impact an inhomogeneous resistance
within pores can exhibit. A ﬂow chart illustrates the steps needed to optimise the catalyst
layer and determine the optimum ionomer content. This study will help to speed up the
time consuming optimisation of MEAs operated on newly developed catalysts.
8.6 Experimental Part
8.6.1 Electrochemical testing
RDE and MEA testing were performed as described in 3.4.2 and 3.4.10, respectively.
8.6.2 AC Impedance Measurements
Electrochemical Impedance spectroscopy (EIS) experiments were carried out from 100 kHz
to 0.1 Hz and at 10 points per decade using a potentiostat/galvanostat, Autolab model
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302N. Measurements were carried out in the H2/O2 PEMFC working under galvanostatic
mode, with the AC current modulation (peak-to-peak) being 5% of the DC current when
oxygen was present at the cathode. For measurements in the absence of oxygen, the
cathode was purged with argon for 30 minutes prior to EIS measurement under ﬂowing
Ar (550 sccm). For these measurement EIS was conducted potentiostatically at 0.1 V with
an AC excitation of 5 mVp-p (i.e. 5% of polarisation). It was ensured that no faradaic
current was detected prior to data collection. Linearity of the current/potential response
was veriﬁed for every measurement. Cells were conditioned at the desired DC current or
the desired potential for 60 s prior to EIS experiments. Care was taken to minimize the
inductance of the collection leads and cell. Moreover, to ensure a good signal to noise
ratio, every data point was collected over 5 integration cycles with an integration time of
0.125 s per cycle. To further ensure validity of the collected data, collection was made
from high to low frequency, as well as from low to high frequency for selected cells with
several hours of operation in between. No signiﬁcant deviation was detected. All data
were checked for Kramers-Kronig conformity according to an improved method developed
by Schoenleber et al. [37–39] No drift in the spectra was detected. The correction of
the Impedance spectra for high frequency resistance was performed in order to allow a
better cross comparison of the catalysts. The correction also reveals the important 45
degree feature in the Bode phase plot. Correction was performed by subtracting the high
frequency resistance extracted from the high frequency zero intercept on the real axis of
the Nyquist-plot, where the phase angle is zero. The phase angle and modulus were then
recalculated according to equation 2.13 with the corrected real part of the impedance and
plotted accordingly.
8.6.3 SEM
The SEM samples were prepared by freeze fracturing at liquid nitrogen temperature in
order to ensure a clean cut. A Hitachi TM3030 operated in secondary electron mode
was used for recording the images of the MEA cross section at low magniﬁcation. For
the high resolution catalyst layer images, a high resolution ﬁeld emission gun scanning
electron microscope (LEO Gemini 1525 FEGSEM) was used.
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8.6.4 BET
The isotherms were collected as described in 3.4.4
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Chapter 9
Concluding remarks
9.1 Final Conclusions
As discussed in Chapter 1 , the further optimisation of M-N/C materials for the replace-
ment of Pt as ORR catalysts in PEMFCs has recently slowed down. This comes after
promising initial results with signiﬁcant successive improvements. Yet activity and stabil-
ity are still too low for practical applications. Fundamental understanding of the active
site and other catalyst properties is expected to allow for further advancements, eventually
bridging the remaining gap.
However, current knowledge is unsatisfactory for the following reasons:
(a) The complex structure of the material. The material predominantly consists of
strongly light absorbing high surface area carbon and contains a low amount of
transition metal, which is believed to serve as active site. This makes the use of
spectroscopic techniques and other physical characterisation techniques challenging
(b) A lack of a suitable probe that interacts with the active site in order to draw mean-
ingful conclusions. A stable probe would allow to correlate ex-situ characterisations
with the catalytic activity.
(c) No possibility to determine the intrinsic catalytic activity, i.e. active site density
and TOF, of a given material. This makes it challenging to establish trends.
(d) Little understanding as to how ubiquitous the catalyst is and whether it can be used
to address other important catalytic reactions, such as seen for platinum.
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(e) Poor understanding of the catalyst behaviour in working single cells. Few studies
systematically investigated non-precious metal catalysts in MEAs. The thicker cat-
alyst layer, caused by the higher loading, is expected to pose challenges in mass
transport, water management and ion conductivity.
(f) The laborious determination of an optimal single cell conﬁguration when preparing
a new MEA. This makes it time consuming to perform large studies.
This work achieved advancement in the above mentioned shortcomings by investigating
the active site of a suitable model material with various diﬀerent approaches and experi-
mental techniques, which are described in Chapter 2.
A model catalyst was synthesised and characterised in Chapter 3, addressing some of the
issues raised in (a) above:
• It was found that the polymerisation and subsequent pyrolysis of 1,5-diamino-
naphthalene provides a catalytically active material. The fact that this catalyst
is self supporting, i.e. the use of carbon black or a sacriﬁcial support was not
necessary, allowed for the establishment of trends.
• Diﬀerent metal centres and the eﬀect of surface area was investigated. It was found
that Fe is the most active amongst the 3d metals and that the activity seems to
be correlated with the microporous surface area rather than the total BET surface
area.
• Various physical characterisations have been carried out. Using BET, XPS, TXRF,
EPR and high resolution electron microscopy, it was found that this material most
likely resembles the key properties of other highly active catalysts reported in liter-
ature, i.e. amorphous nitrogen doped carbon with atomic metal centres. Therefore
it was deemed suitable as a model system to further investigate active sites within
the material.
In Chapter 4, an attempt was made to address point (b) above and the catalyst was sub-
jected to varying conditions in order to investigate the eﬀect of the chemical environment
on the active site:
• It was found that the catalyst is surprisingly poison tolerant and operates well in
the presence of chloride, urea, methanol, H2S and volatile organic compounds. The
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reference Pt catalyst was always severely aﬀected. This is interesting for applica-
tions, where the catalyst has to operate under challenging conditions, such as in
waste water treatment.
• Nitrogen cycle molecules and treatment with organic chemicals, i.e. Friedel-Crafts-
conditions have been found to decrease the activity and this has been utilised to
probe the active site later in the work.
• Gas sorption has determined the energy of desorption for molecular oxygen to be
79.09 kJ mol-1 on the Fe-N/C catalyst.
• pH dependence and the kinetic isotope eﬀect strongly suggest a proton coupled
electron transfer as rate determining step.
The fact that nitrite and nitric oxide interact with the Fe-N/C catalyst has been used
to generate further insight into the active site, addressing points (b) and (c), as described
in Chapter 5:
• It could be shown that the active site in alkaline and in acid seem to be diﬀerent.
• The interaction with nitrite shows the formation of either a strong or a weak adduct
depending on treatment conditions.
• It was found that the nitrite and nitric oxide interact with the Fe-N/C material but
not with the N/C material, suggesting a metal centre as active site
• It was found that the Fe-N/C catalyst is active towards NO and NO−2 reduction with
ammonia as major product. This can be useful for environmental nitrite destruction
of sensor applications.
A method has been developed to determine the intrinsic activity of Fe-N/C catalysts in
Chapter 6, addressing point (c):
• It was found that nitrite could be reductively stripped from the catalyst surface
• The stripping peak could be directly correlated with the activity. This allowed the
determination of the number of active sites and the TOF of those.
• It was found that 2 types of active sites seem to be present within the material.
Type A which is responsible for 80% of the activity and forms a stable bond with
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nitrite which can then be stripped and Type B, which is only aﬀected when nitrite
is present in solution
In Chapter 7, it was decided to see how ubiquitous this catalyst is, addressing point (d),
and it was shown that the catalyst eﬃciently promotes the epoxidation of alkenes:
• It was found that the reaction proceeds under the same conditions as for metal
macrocyclic complexes, suggesting analogies in the chemical behaviour.
• The reaction works under ambient conditions, i.e. room temperature and pressure.
This could inspire the development of new catalytic systems, capable of promoting
a range of oxidation reactions under mild conditions.
• A system has been developed which allows the simultaneous tracking of oxygen
consumption and electrochemical potential. It is expected that further investigations
utilising this set-up lead to new insight into the catalytic behaviour, useful for both
the ORR and the epoxidation.
Finally, in Chapter 8, the catalyst was investigated in a MEA single cell, addressing points
(e) and (f):
• A parametric study was performed, where the ionomer content of 3 diﬀerent M-N/C
catalysts was varied and impedance spectroscopy was performed in the presence and
absence of a faradaic reaction
• It was found that the impedance spectrum can be used as a diagnostic tool to
determine whether the assembled MEA contains the ideal ionomer content or not.
This will signiﬁcantly speed up the time consuming investigation of MEAs operated
with newly developed catalysts.
Although in this work no catalyst was developed that surpassed the highest reported
activities, signiﬁcant insight into the behaviour of the catalytic site could be generated.
Tools have been provided to advance the further development in the ﬁeld. The work
has opened new avenues for experiments which can provide more insight and optimised
catalysts with higher activities.
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9.2 Future work
Catalyst development:
• The fact that the catalyst developed in this work is self supporting and the pore
structure can be tuned with a nanoparticulate support, might enable the tuning of
the pore structure for eﬃcient reactant support. Speciﬁcally, a mixture of nanopar-
ticles with a rage of diﬀerent sizes could be used as template, in order to optimise
the porosity of the catalyst.
• Heat treatment with ammonia gas could improve the catalytic activity as for similar
catalysts
Poison tolerance:
• The poison tolerance of the catalyst could be exploited to use it under challenging
conditions. This could be as ORR catalyst for waste water treatment or sensing
applications in biological ﬂuids.
Active site modiﬁcations:
• The Friedel-Crafts reaction was only one example of post synthetic treatments of
the catalyst. Other reactions could be attempted in order to graft functional groups
to the catalyst surface, making it more electronegative or electropositive, thereby
possibly inﬂuencing the activity beneﬁcially.
Nitrite, nitric oxide electrochemistry in combination with ex-situ characterisations:
• Based on the speciﬁc interaction of the catalyst with nitric oxide and nitrite, various
diﬀerent treatments could be performed on the catalyst as described in chapters 5
and 6. The treated catalyst could then be analysed with Mo¨ssbauer, EXAFS and
EPR, in order to ﬁnd which moiety exactly is deactivated upon treatment with
those compounds. This might unambiguously determine the active site within Fe-
N/C catalysts. Once these sites were identiﬁed, a bottom up synthesis could be
developed.
• The stripping methodology in conjunction with a study, where diﬀerent catalysts
are analysed could determine which treatment increases TOF and which active site
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density. With this knowledge new strategies could be implemented on how to de-
velop a synthesis procedure which promotes the formation of the highest proportion,
high TOF sites, thereby producing a catalyst with a higher activity.
Oxidation catalysis:
• Other reactions, which are usually catalysed by transition metal complexes could
be investigated with the Fe-N/C catalyst. It might be possible to develop a new
heterogeneous catalyst platform for the heterogeneous activation of small molecules
in industrial catalysis, harnessing the powerful catalytic properties of metal macro-
cyclic compounds, while being more robust, lower cost and easily recyclable.
• The developed set-up for simultaneously tracking oxygen consumption and potential
can now be used to study the reaction mechanism of the catalyst, by varying the
concentration of reactants and the alkene, as described in Chapter 7. This will
provide further insight.
Mechanism of oxygen reduction on these catalysts:
• Further mechanistic insight might be available by studying the ORR over a wide
range of oxygen partial pressure and temperature in combination with mechanistic
modelling.
Fuel cell operation:
• Further parametric studies, varying the oxygen partial pressure in combination with
performance testing and impedance spectroscopy can provide more insight into the
source of mass transport losses.
• Further studies into the degradation mechanism are necessary in order to better
understand the stability of the material and be able to develop mitigation strategies,
in order to improve longevity.
• Using the data sets obtained, computational models might be established and veri-
ﬁed, providing further understanding on the behaviour of thick catalyst layers. This
might lead to catalyst layer design strategies, which might then lead to higher a
performance for a given catalyst.
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At the moment it is not possible to foresee, whether M-N/C catalyst ever become feasible
for transportation applications in terms of activity, selectivity and stability. However, this
work oﬀers signiﬁcant insight into the active site and provides tools that might enable
the improvements of the materials and to gather further insight. It also provides the
alternative applications for these materials.
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THE END
